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We lack an understanding of how long-term management practices, especially interactions 
of contrasting practices, affect plant nutrient uptake and this limits our ability to make 
recommendations and improve agroecosystem nutrient-use efficiency.  Management practices like 
phosphorus (P) fertilization and no-tillage alter plant nutrient uptake individually, but how they 
interact to alter nutrient dynamics at the rhizosphere scale and in the initial root morphology is 
entirely unknown.  In this study, I examined the main and interactive effects of 25-years of severe 
P limitation (and excess P fertilization) with no-tillage on the dynamics of phosphate (PO4-P), 
sulfate (SO4-S), and nitrate (NO3-N) and cations and extracellular phosphatase activity in 
rhizosphere soil; additionally, we examine the changes in root morphology and P uptake. 
Maize and soybeans were grown for 14 days in rhizoboxes with undisturbed soil samples 
that were collected from a 25-year, 2×2 factorial experiment crossing P fertilization (0 and 63 kg 
P ha-1) with tillage management [chisel plow (CP) and no-tillage (NT)]. Soil solution was collected 
from the rhizosphere (< 3mm from a root) and bulk soil (> 8mm from a root) through micro-
suction cup lysimeters and analyzed on an ionic chromatograph for PO4-P and cations. 
Rhizosphere and bulk soil samples were also collected directly from the rhizosphere to analyze 
phosphatase activity. Root morphology was measured using a scanner and an image analyzer 
software, along with crop biomass and nutrient content. 
25-years of no P fertilizer induced a significant depletion in plant-available P.  Under 
excessive P fertilization, NT soils increased efficiency of P uptake in maize rhizosphere solution 
compared to CP by 20%. Other cations were not affected by P fertilization or tillage treatments.  
Unexpectedly, rhizosphere and bulk soil phosphatase activity did not differ; however, there were 
complex treatment effects that depended on the crop.  NT reduced phosphatase activity by 360%, 
xii 
but only under maize. While under soybean long-term P fertilization reduced the enzyme activity 
by 75% compared to no P fertilizer for 25 years. Total root biomass, for both maize and soybean, 
were increased by 80% with fertilization.  In maize, NT soils increased root diameter by 10%, root 
length by 67%, root surface area by 87%, and root forks by 114%. Fertilization did not change 
maize root morphology.  In soybean, fertilization reduced length of fine roots. NT soils increased 
RL by 68 %, RS by 73%, RF by 77%. Crop nutrient uptake was not affected by tillage, rather only 
P uptake was increased by adding P fertilizer. 
Long-term effects of P fertilization and no-tillage had complex, interactive effects on maize 
and soybean rhizosphere nutrient dynamics.  This highlights our lack of understanding of how 
even well-established management practices can have complex interacts to affect rhizosphere 
nutrient cycling, and provide insight into mechanisms for the individual and interactive effects on 
nutrient cycling. In these Midwest USA Mollisol soils, long-term P fertilization and no-tillage can 
affect early root growth and morphology, but ultimately not total plant nutrient uptake.  Converting 
to NT seems to increase root biomass, increase metrics of root size and particularly with smaller 
root classes. These early effects of NT on root biomass and morphology may in part explain why 
NT consistently decreases yield, according to resource allocation theory whereby plants that are 
allocating resources to roots will not be to shoots. 
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CHAPTER 1.  GENERAL INTRODUCTION 
1.1 Soil and plant P dynamics 
1.1.1 Soil Phosphorus Fractions 
Phosphorus (P) is an essential macronutrient for plant production.  Managing P fertility in 
agroecosystems can be tricky due to its low availability, and its rapid fixation to clays and oxides 
causing a reduction in crop yields (Gustafsson, Mwamila, & Kergoat, 2012). To meet this plant P 
demand, the agricultural industry strongly relies on the rock phosphate from mineral reservoirs 
(Cordell, Drangert, & White, 2009; Cordell & White, 2014). However, P over-application can 
impair water quality due mostly to P runoff (Carpenter et al., 1998). 
Both availability to plants and mobility in soils is determined by P’s form. P is typically 
categorized according to its chemical form, solubility and adsorption capacity.  P can be grouped 
as organic and inorganic soluble P in soil solution; as organic and inorganic labile or weakly 
adsorbed; as insoluble P bounded to Fe and Al in acids soils, and Ca-bound in calcareous and 
alkaline soils; adsorbed and occluded P by Al and Fe (hydr)oxides; and, insoluble P contained in 
soil organic matter (SOM) compounds (Stevenson & Cole, 1999).  Plants and soil microorganisms 
acquire P mostly as orthophosphate anions (H2PO4
- or HPO4
2-) (Hawkesford et al., 2011).  
Consequently, ‘available P’ is considered as the fraction of P that can be ultimately be absorbed 
and used by plants (Ziadi, Whalen, Messiga, & Morel, 2013).  Thus, available P will consist of all 
orthophosphate ions that, regardless of its inorganic or organic origin, can be released to soil 
solution under the right conditions (e.g. acidic conditions of soil P test extractant or under 
rhizosphere chemical conditions). Management factors such as crop rotation, diversity, tillage 
system and fertilization also have a strong effect on distribution of P in these fractions (See Section 
1.2 and Table 1.2).   
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Among the macronutrients, P has a low mobility and availability for plants in most soils.  
The reduced movement of inorganic P (Pi) is caused by the reactivity of phosphate ions with soil 
and their strength of retention, leaving only a marginal fraction of P ions in solution (Hinsinger, 
2001). Despite the strong regulation of pH and P-occluding/immobilizing factors, the dynamics of 
P are influenced continuously by short and long-term factors. The release of the orthophosphate 
ions into the soil solution and its biological absorption is controlled by the mineralization of 
organic phosphorus (Po) from decomposing biomass through microbial activity. The 
orthophosphate ions concentration in the soil solution are also regulated by the dissolution of the 
phosphate minerals or inorganic phosphorus (Pi) and their subsequent diffusion through the soil 
solution (Achat et al., 2013; Ziadi, Whalen, Messiga, & Morel, 2013).   
1.1.2 Plants adaption and acclimation to low P availability 
Due to the natural lack of availability of P from phosphate minerals, plants developed 
strategies to enhance the P uptake that can be grouped in two groups: increasing root plasticity to 
enhance soil exploration, and the modification of its rhizosphere to increase the availability of 
phosphate from otherwise unavailable, or fixed, P pools (Lynch, 2011; Richardson et al., 2011).  
Plants and microorganisms in the rhizosphere developed strategies to access the different Po or Pi 
pools through Po mineralization or the dissociation and chelation of the Pi. The chemical conditions 
and biological activity within the rhizosphere causes a depletion of the concentration of 
orthophosphate in the soil, as well as from organic and inorganic forms of extractable P 
(Richardson, Barea, McNeill, & Prigent-Combaret, 2009).  Depending on the plant species, 
nutrition level, and soil conditions, plants can alter the concentration of P in the rhizosphere.  These 
pathways of influence include through root uptake of P; modification of soil pH by releasing 
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anions, cations, and gases like O2 and CO2; or by releasing exudates that can dissolve P compounds 
or prime SOM mineralization (Fig 3) (Hinsinger, 2001). 
In addition to modifying their rhizosphere, plants have high plasticity for changing its root 
structure. Modifying its root architecture to increase its surface area, allowing the root access to a 
larger soil volume (J. Lynch, 1995). It has been observed that P-deficient plants increase their root 
length, root branching, the density of root hairs, and their proportion from roots to shoot biomass 
compared to P-sufficient plants  (J. P. Lynch & Brown, 2008). In conditions of sever P deficiency, 
plants will increase the length and density of root hairs and lateral roots, while the primary roots 
will reduce their growth (Desnos, 2008; López-Bucio, Cruz-Ramírez, & Herrera-Estrella, 2003). 
The concentration of available P has an impact in soil P losses and in the development of 
root growth. However, through physical changes it is possible to modify the ratios of P losses, the 
concentration of phosphates in the first centimeters of soils, or the soil resistance for the root 
growth. Among the physical changes, one major decision in farms is to adopt a tillage system. 
1.2 Management impacts on soil-plant P cycling 
Soil-plant P dynamics can be dramatically altered by management practices, like harvesting 
crop without nutrient replacement (Ron Vaz, Edwards, Shand, & Cresser, 1993; Zhang, 
MacKenzie, Liang, & Drury, 2004 ), over fertilization (Sharpley, 1995), tillage (Selles, Kochhann, 
Denardin, Zentner, & Faganello, 1997), crop diversity (Hedley, Stewart, & Chauhan, 1982; 
Maranguit, Guillaume, & Kuzyakov, 2017), crop rotations (Bünemann, Heenan, Marschner, & 
McNeill, 2006), or use of organic or synthetic P fertilizer (Damodar Reddy, Subba Rao, & Takkar, 
1999).   
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1.2.1 Phosphorus fertilization and soil P cycling and root dynamics 
Fertilization increases the concentration of available P in soil. After 16 years of a corn and 
soybean rotation, compared to non-fertilized soils, P fertilization increased available and non-
available P by 18%  and 13%, respectively (Shi, Ziadi, Messiga, Lalande, & Hu, 2013), reducing 
plants necessity to allocate resources into roots to increase the nutrients uptake, while increasing 
aboveground growth (Poorter et al., 2012).  It is well know that roots increase their biomass in soil 
zones with a high nutrient concentration (Drew, 1975; Hodge, 2004).  However, P-enriched zones 
reduces root length and number of tips (Yu et al., 2019). Additionally, fertilized crops decreases 
their symbiosis to increase the P uptake. P fertilized leek (Allium porrum), medic (Medicago 
truncatula), and ryegrass (Lolium perenne) show a reduction in the carbon (C) flow from plants 
into arbuscular mycorrhizas, reducing the P uptake by symbiosis (Konvalinková, Püschel, 
Řezáčová, Gryndlerová, & Jansa, 2017). Regular P fertilization modify root structures that helps 
to optimize crop yield.  
In agroecosystems, exporting P with crop biomass depletes soil stocks and can render 
plants more P-limited than natural ecosystems (Ron Vaz, Edwards, Shand, & Cresser, 1993; 
Zhang, MacKenzie, Liang, & Drury, 2004 ), regardless of how specialized plants are to take 
advantage of P in the soil. P fertilizer is necessary to meet the current high demand for food, fuel, 
and fiber for a rapidly growing global population. The principal source of P fertilizer comes from 
the rock phosphate industry that mine and manufacture P fertilizers.  In global croplands, around 
60% of the total P applied comes from mined mineral P (Y. Liu, Villalba, Ayres, & Schroder, 
2008), and the remainder P comes from organic forms such as crop residues or animal manure. 
However, The US Corn belt is a major global consumer of P fertilizer (Potter, Ramankutty, 
Bennett, & Donner, 2010), consuming 405 Gg P, or 56% of the US maize P fertilizer demand 
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(Metson, MacDonald, Haberman, Nesme, & Bennett, 2016).  Nevertheless, plants are generally 
inefficient with fertilizer P use efficiency (PUE). If the PUE is calculated by the balanced method 
as the P removal-input ratio in percentage, the P recovery is between 50-70% (Roberts & Johnston, 
2015). 
Low PUE combined with poor soil management practices, like over-fertilization or 
excessive tillage, results in accelerated P loss from agriculture fields through erosion and/or 
leaching (Table 1.1 andTable 1.2) (Aronsson et al., 2016; Haigang Li et al., 2015; Sharpley et al., 
2015).  This P loss can causes soil degradation and loss of soil fertility due to exhaustion of soil P 
reserves, heavy metal or biological contamination due to applying excess animal manures, and 
when excess P enters lakes or streams can cause eutrophication (Stephen R. Carpenter, 2005; 
Daniel, Sharpley, & Lemunyon, 1998; Y. Liu et al., 2008). While N might receive much of the 
attention, P too can be the primary cause of water quality issues in the US Midwest Corn Belt. For 
example, in Ohio 60% of studied fields showed that P removal through surface losses, subsurface 
losses, and crop uptake was greater than the P input (Pease et al., 2018).  Another study by 
Michalak et al. (2013) attributed P over-fertilization, along with the right meteorological 
conditions, to the record-setting algal bloom in Lake Erie in the north-east of Ohio in 2011.  
1.2.2 Reduced and no-tillage and impacts on soil and root dynamics 
Due to affinity of P to soil particles, tillage is an interrelated management practice that 
indirectly affects soil P fertility and cycling.  Reducing, or eliminate tillage altogether, tends to 
mitigate P losses as surface runoff with sediment is the most common pathway of P loss (Andraski, 
Mueller, & Daniel, 1985; Hansen, Gupta, & Moncrief, 2000; Kleinman, Sharpley, Moyer, & 
Elwinger, 2002).  However, other studies have shown that leaching of P can also be a substantial 
pathway of loss (Addiscott & Thomas, 2000; Djodjic, Bergström, & Ulén, 2006; Williams, King, 
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Duncan, Pease, & Penn, 2018). In typical high yielding soils in subtropics, tillage management 
system had greater influence on root length and density than P fertilization (Fink et al., 2016). 
However, in temperate soils, tillage also modifies P availability. After 16 years in a clay loam soil 
in L’Acadie, Quebec, Canada of a corn and soybean rotation, NT increased the available P by 10% 
compared to tilled soils (Shi et al., 2013). No-tillage both reduces soil disturbance while also 
increasing residue cover, reducing likelihood of transport of surface soil particles off the field (with 
P adsorbed) (Hobbs, Sayre, & Gupta, 2008). NT also has many other positive physical benefits 
including improved soil structure over time and greater proportion of water-stable aggregates that 
benefit the infiltration and retention of water (Kumar, Kadono, Lal, & Dick, 2012a, 2012b). 
Reduced tillage also increases the concentration of residues on the surface, a source of energy and 
nutrients for soil organisms in the detritosphere.  The lack of disturbance and increased resources 
is thought to increase soil microbial abundance and activity (Frey, Elliott, & Paustian, 1999; 
Stenberg, Stenberg, & Rydberg, 2000; Zuber & Villamil, 2016). This greater biomass and activity 
likely result in greater SOM mineralization, perhaps releasing more net P (Doran, Elliott, & 
Paustian, 1998; Tracy, Westfall, Peterson, Elliott, & Cole, 1990; Zibilske & Bradford, 2003).  
However, other studies show that no-tillage actually has no effect or reduces net mineralizable P 
(Kingery, Wood, & Williams, 1996; Lupwayi et al., 2007).   
Despite the environmental and soil health benefits from reduced and no-tillage (Shipitalo, 
Owens, Bonta, & Edwards, 2013), the conservation practice has relatively low adoption in maize 
and soybean production regions of the US Midwest. One reason for low-adoption is frequent 
reports of NT system causing general loss yield between 4 to 12% for maize and 0 to 6% in legumes 
as soybean (Pittelkow et al., 2015).  More specifically, in Iowa, NT causes average 10% maize 
yield loss compared to CP. (Al-Kaisi, Kwaw-Mensah, & Archontoulis, 2018).  NT decrease in 
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crop yields is likely due to cooler and wetter soils in the spring (Alvarez & Steinbach, 2009; Ogle, 
Swan, & Paustian, 2012; Van den Putte, Govers, Diels, Gillijns, & Demuzere, 2010), increased 
weed pressure (Friedrich, 2005), among other possible reasons (Gathala et al., 2011; Howeler, 
Ezumah, & Midmore, 1993). Land managers deciding whether to adopt no-tillage will consider 
the economic benefits/costs before environmental or soil health benefits. 
The adopted tillage practice will undoubtedly influence the root morphology, yet few 
studies have looked at the influence of the practice with a few notable exceptions (Barber, 1971; 
Chassot, Stamp, & Richner, 2001; Ehlers, Köpke, Hesse, & Böhm, 1983; Qin, Stamp, & Richner, 
2006).  P fertilization increases the concentration of available P in soil (Shi et al., 2013), with a 
higher concentration on the first centimeters of soil (Stenberg et al., 2000) therefore having a 
higher root concentration in that zone  (Fiorini, Boselli, Amaducci, & Tabaglio, 2018). The NT 
effect on root morphology may actually be the underlying reason for declines in crop yields.  Lack 
of tillage can result in vertical stratification of SOM, P, K, and pH (Duiker & Beegle, 2006). 
Compared to a deeper soil (5-7 cm), greater concentration of P, K, and OC in the top seven cm of 
the soil translated into 460, 154, and 280% greater root density, root length and root volume in 
maize (Nunes, Karlen, Denardin, & Cambardella, 2019). In another study, NT reduced the C:N 
ratio in maize roots but it increased it for soybean (Fiorini et al., 2018). No-tillage by itself has 
shown mixed results when it comes to root dynamics and P uptake, depending largely on the soil 
type and crop.   For example, using reduced or no-tillage for two years reduced root density by 
41% but increased root biomass by 3% (Karunatilake, Van Es, & Schindelbeck, 2000). While there 
is clear evidence that NT alters root morphology, and even root chemistry, the direct mechanisms 
for why it changes crop roots is unknown but may be due to NT affecting soil bulk density or 
nutrient availability.  
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1.2.3 Interactions between No-tillage and P Fertilization 
Despite the strong direct effects of both no-tillage and P fertilizer, and indirect effects of 
tillage on soil-plant P cycling, there are few studies crossing the treatments to understand their 
interactive effects on P dynamics in agroecosystems. A notable example is a series of studies 
conducted in a clay loam soil in L’Acadie, Quebec, Canada conducted by Li et al. (2017a, 2017b). 
Their experiment showed high P fertilizer (35 kg P ha-1 y-1) increased maize root biomass by 41% 
compared to 0 P control (Li et al., 2017b), although no effect on soybean roots (Li et al. 2017a). 
Li et al. (2017a) found a significant interaction between no-tillage and P fertilization in the vertical 
distribution of soybean roots. With low P, in NT soils, 44% and 21% of root length accumulated 
at 0-10 and 10-20 cm respectively; while in moldboard plough soils, the roots accumulated 24% 
and 36% of root length at the same depths; however, with high P differences between tillage was 
insignificant.  Despite these few findings on NT and P fertilizer interactions, many questions 
remain on how NT and P fertilization interact to affect P cycling in agroecosystems. 
Since both P fertilization and tillage strongly affect nutrient cycling and root morphology, 
it is likely they will have strong interactive effects, and perhaps affect plant P uptake in unknown 
ways.  The Northern Research Farm in Kanawha, Iowa, was the ideal place to study the interaction 
between fertilization and tillage. In this farm was established a long-term experiment in 1994 to 
measure the grain yield, phosphorus removal, and soil test responses to different rates of P 
fertilization under different tillage systems within a soybean (Glycine max) and maize (Zea mays) 
rotation (Mallarino and Prater, 2007; Prater, 2007).  The original experiment comprised five 
different locations that represent the major soils and crop production areas in Iowa: Northeast, 
Northcentral, Northwest, Southeast, and Southwest research farms. For the current thesis, the low 
(0 k P ha-1 y-1, 0P) and high (63 k P ha-1 y-1, 63P) rates of fertilization in the Northern Farm were 
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chosen due to the large difference in annual Mehlich 3 Phosphorus (M3P) concentrations between 
fertilized and unfertilized plots (personal communication with Dr. A. Mallarino). In the 0P 
treatment, 25 years of no P fertilization and crop grain export of P should deplete the available P 
in soil and force roots to adapt to P scarcity. For Iowa soils with an optimum extractable M3P level 
(21-25 mg P kg-1), the recommendation is to fertilized with 33 k P ha-1 y-1, while with higher 
concentrations is not necessary to fertilize, therefore the 63P rates should provide plots with 
excessive plant-available P.  
 For this research project, we used undisturbed soil to examine influence of 25 years of no-
tillage and P fertilization on rhizosphere chemistry, and root morphology.  The following thesis 
was divided into two main data chapters (Chapter 2 & 3). Chapter 2 focuses on changes in 
rhizosphere nutrient dynamics in response to fertilization and no-tillage (and their interaction), and 
Chapter 3 focuses on the changes in the root morphology in response to the same treatments.  In 
Chapter 2, I describe how I collected and analyzed soil solution for concentration of phosphates, 
sulfate and nitrate anions, and K, Ca and Mg cations; and soil samples were used to measure the 
phosphatase activity (a P-acquiring enzyme produced by plants and microorganisms). In Chapter 
3 I describe how after collecting soil solution samples, the roots were washed and scanned to 
measure their morphology. Finally, Chapter 4 is a conclusion for this research project and 
summarized in a unique figure the findings. 
 This study focuses on the main and interactive effects of P fertility and no-tillage on maize 
and soybeans, two major crops grown in the Midwest US. I tested these main hypotheses. 
25 years of lack of P addition (0P) will… 
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 Reduce labile P, and cause a lower gradual release of phosphate in the rhizosphere (Chapter 
2).  
 Increase microbial and plant P demand, and thus decrease phosphatase activity (Chapter 
2). 
 Increase the root surface area and number of tips (Chapter 3) due to attempt to increase the 
uptake of limited P (Teng et al., 2013).  
25 years of no-tillage management will… 
 Increase the soil microbial biomass, and phosphatase activity (Chapter 2). 
 Increase root diameter, and reduce the length of roots (Chapter 3).  
Interactive effects of P fertilizer and NT… 
 Not enough information to make informed hypotheses and previous findings are 
complicated (Chapter 2 & 3). 
1.3 Figures and Tables 
Table 1.1 Global soil erosion and phosphorus losses from agricultural land.  Source: Adapted 
from Liu et al., (2008) 
Agricultural Land 
Area 
Soil erosion P loss 
Erosion rate Erosion quantity P in topsoil P loss 
(Million ha) (t/ha/yr) (MMT/y) (kg P/ha) (MMT P/y) 
Cropland 1,540 25 38,500 0.5 19.3 
Overgrazed permanent pasture 1,720 15 25,800 0.5 12.9 




Table 1.2 P fractions in different soils, crop rotations, fertilization and tillage. Source Adapted 
from: Hedley, Stewart, & Chauhan, (1982); Maranguit, Guillaume, & Kuzyakov, (2017); Shi, 
Ziadi, Messiga, Lalande, & Hu, (2013) 






























































    mg P kg -1 
Sandy 
soil 
Jungle-rubber - - 5.1 12.2 17.7 33.0 83.3 139.8 
Rubber plantation - - 7.3 6.6 18.2 25.2 63.0 119.5 




Permanent pasture - - 29.7 4.1 12.6 107.0 133.0 772.0 




0  kg P ha-1 25.0 54.0 139.0 178.0 203.0 852.0 
35 kg P ha-1 39.0 53.0 167.0 178.0 228.0 959.0 
NT 
0  kg P ha-1 24.0 55.0 126.0 184.0 200.0 837.0 
35 kg P ha-1 48.0 54.0 175.0 188.0 233.0 981.0 
MP, moldboard plow; NT, no till 





Figure 1.1 Phosphorus dynamics in soil showing interrelation between organic and inorganic 
pools.  P can be lost through crop removal, sediment erosion or bonded to soil minerals. 
Biological decomposition and P fertilization can supply phosphates. 
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We lack an understanding of how long-term management practices, especially interactions of 
contrasting practices, affect plant nutrient uptake and this limits our ability to make 
recommendations and improve agroecosystem nutrient-use efficiency.  Management practices like 
phosphorus (P) fertilization and no-tillage alter plant nutrient uptake individually, but how they 
interact to alter nutrient dynamics at the rhizosphere scale is entirely unknown.  In this study, we 
examined the main and interactive effects of 25-years of severe P limitation (and excess P 
fertilization) with no-tillage on the dynamics of phosphate (PO4-P), sulfate (SO4-S), and nitrate 
(NO3-N) and cations and extracellular phosphatase activity in rhizosphere soil. 
Methods 
Maize and soybeans were grown for 14 days in rhizoboxes with undisturbed soil samples that were 
collected from a 25-year, 2×2 factorial experiment crossing P fertilization (0 and 63 kg P ha-1) with 
tillage management [chisel plow (CP) and no-tillage (NT)]. Soil solution was collected from the 
rhizosphere (< 3mm from a root) and bulk soil (> 8mm from a root) through micro-suction cup 
lysimeters and analyzed on an ionic chromatograph for PO4-P and cations. Rhizosphere and bulk 
soil samples were also collected directly from the rhizosphere to analyze phosphatase activity. 
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Results 
25-years of no P fertilizer induced a significant depletion in plant-available P.  Under excessive P 
fertilization, NT soils increased efficiency of P uptake in maize rhizosphere solution compared to 
CP by 20%. Other cations were not affected by P fertilization or tillage treatments.  Unexpectedly, 
rhizosphere and bulk soil phosphatase activity did not differ; however, there were complex 
treatment effects that depended on the crop.  NT reduced phosphatase activity by 360%, but only 
under maize. While under soybean long-term P fertilization reduced the enzyme activity by 75% 
compared to no P fertilizer for 25 years. 
Conclusions 
Long-term effects of P fertilization and no-tillage had complex, interactive effects on maize and 
soybean rhizosphere nutrient dynamics.  This highlights our lack of understanding of how even 
well-established management practices can have complex interacts to affect rhizosphere nutrient 
cycling, and provide insight into mechanisms for the individual and interactive effects on nutrient 
cycling.  
2.2 Introduction 
Phosphorus is limiting crop growth in many soils around the world, and thus adding 
adequate P fertilizer is part of optimizing production. Limitation of P develops over time in 
agroecosystems due to loss of P through leaching, by the formation of soil layers that prevent the 
root access to P, slow release of P or low total content of P from parent materials, by occlusion of 
available P through physicochemical processes, and through anthropogenic export of P via crop 
yield and lack of replacement fertilizer P (Vitousek, Porder, Houlton, & Chadwick, 2010).  Severe 
P limitation can strongly inhibit crop growth and production (George, Hinsinger, & Turner, 2016; 
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Prater, 2007), while excessive P can lead to nutrient export and eutrophication of nearby 
waterways (Bennett, Carpenter, & Caraco, 2001; S. R. Carpenter et al., 1998; Huang, Xu, Ridoutt, 
Wang, & Ren, 2017).  No-tillage (NT) both reduces soil disturbance while increasing residue 
cover, reducing the likelihood of surface soil particles from transport off-field (with P adsorbed; 
Hobbs et al., 2008). Relations between fertilization and tillage are studied mostly for particulate P 
(Sharpley, Daniel, & Edwards, 1993) but not deeply for soil solution P. Our understanding on how 
long-term fertilization and tillage modify the in situ nutrients dynamics and microbial activity in 
the rhizosphere needs to be improved to understand changes in crop responses to nutrients 
availability. 
Compared to the bulk soil, the rhizosphere has a higher chemical and biological activity, 
creating a small zone with a disproportionate influence of plant in the absorption of nutrients.   
Phosphorus movement through soil water is slow (Dow, Moodie, & Stanberry, 1953; Inman, Mc 
Intosh, Foss, & Wolf, 1982), and thus relatively restricted to short distances from plant roots 
(<2mm). Therefore, plants rely heavily on biochemical processes in close proximity to their roots 
(the rhizosphere) but also depend on the extension of potential P uptake through mycchorizal fungi 
(the hyphosphere).  Plants and microorganisms have developed different strategies to access soil 
phosphorus, including: mineralization of organic P or dissolution of secondary and primary P 
minerals, and chelation of adsorbed P (Richardson et al., 2009).  Crop species vary in their ability 
to uptake rhizosphere P (Wang et al., 2004), and it could be related to the ability of each specie to 
modify the pH of the soil by releasing anions, cations and gases like O2 and CO2; and by releasing 
exudates that can dissolve P compounds (Hinsinger, 2001). In the case of maize, plants have 
adapted to N, K, P, and Fe deficiencies by releasing glutamate, glucose, ribitol, and citrate, into 
the rhizosphere (Carvalhais et al., 2011) .  Specific to P deficiency, maize can also accelerate the 
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release of carbohydrates and γ-aminobutyric acid (Carvalhais et al., 2011). Rhizosphere 
modifications try to increase the concentration of available P. 
Plants and soil microorganisms acquire P mostly as orthophosphate anions (H2PO4
- or 
HPO4
2-) (Hawkesford et al., 2011); therefore, fertilization increases the concentration of available 
P in soil (Shi et al., 2013).  While phosphatase activity is fundamental for the recycling of P, 
transforming the organic P into phosphate (PO4-P ) that is available for all living organisms 
(Caldwell, 2005). Phosphatase activity has been shown to respond directly to PO4-P availability in 
field and laboratory settings.  Most studies show that phosphatase activity tends to decrease with 
greater PO4-P concentration, either naturally or due to P fertilization (Marklein & Houlton, 2012; 
Turner & Joseph Wright, 2014; Yokoyama, Imai, & Kitayama, 2017).  Thus phosphatase is a good 
metric for determining P supply and demand in soils, by both plant and soil microorganisms 
(Allison & Vitousek, 2005; Marklein & Houlton, 2012; Treseder & Vitousek, 2001). 
Besides fertilization, tillage practices can also modify the soil biological activity, root 
growth and P uptake. No-tillage often increases soil biological activity (Zuber & Villamil, 2016), 
lowers bulk density (Lampurlanés & Cantero-Martínez, 2003), lowers soil resistance – promoting 
increased root growth (Materechera et al., 1991), increases soil organic C (Beare, Hendrix, & 
Coleman, 1994), and results in other soil health benefits (Congreves, Hayes, Verhallen, & Van 
Eerd, 2015; Mitchell et al., 2017; Y. Wang et al., 2017).  One salient feature of no-tillage is that it 
results in stratification of soil organic C and PO4-P, or where these elements are concentrated in 
the surface 0-10 cm of soil compared to tilled systems (Blanco-Canqui & Ruis, 2018; 
Franzluebbers & Hons, 1996). Nutrient and root density stratification in no-tilled soils likely 
increase the PO4-P depletion in the first centimeters of soil. 
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It is known that P fertilization modifies the concentration of available P in soil (Hawkesford 
et al., 2011) and that NT has positives effects on biological (Aziz, Mahmood, & Islam, 2013; 
Mathew, Feng, Githinji, Ankumah, & Balkcom, 2012) and physical properties of soil (Kumar et 
al., 2012b, 2012a). Some studies examined the interaction between fertilization and tillage in root 
morphology and biomass and find complex interactions (Haixiao Li et al., 2017b, 2017a). Those 
studies also focus on plant morphological responses to non-till nutrient stratification; and not in 
nutrient uptake and concentration changes in the rhizosphere. Therefore, it is not well understood 
how both management practices can interact to affect dynamics of nutrients in the rhizosphere of 
maize and soybean.  Optimal levels available P for young plants is important and can have lasting 
impacts throughout the growing season and eventually affecting yield (Bermudez & Mallarino, 
2002; Bullock, Simmons, Chung, & Johnson, 1993; Randall & Hoeft, 1988); therefore, studying 
nutrient dynamics at early growth stages is critical. 
This study will compare the individual and interactive effects of no-tillage and P 
fertilization on rhizosphere nutrient cycling of two major crops in the Midwest US, maize and 
soybean. Our objective is to determine the individual and interactive effects of P fertilization and 
no-tillage on the rhizosphere PO4-P, SO4-S and NO3-N anions, and K, Ca and Mg cations and 
phosphatase concentrations for soybean and maize.  We hypothesize that the rhizosphere will 
deplete nutrients while increasing phosphatase activity compared to non-rhizosphere soil; the high 
P rates will cause a more gradual depletion of PO4-P in the rhizosphere and will inhibit the 
phosphatase activity. Additionally, we hypothesize that the NT will increase the microbial biomass 
and the phosphatase activity, and extend and magnify nutrient availability during brief study. 
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2.3 Materials & Methods 
2.3.1 Location and Experimental Design 
A long-term experiment was established in 1994 in Kanawha, Hancock County, Iowa, USA 
(W6J4+9P) to evaluate the effects of tillage (chisel disk tillage vs. no-till) and P fertilization 
(broadcast and planter-banded P at three P fertilizer rates) on crops and soils (Mallarino & Prater, 
2007 and Prater, 2007).  The treatments are replicated three times in a randomized complete block 
design, with both a maize and soybean phase of the rotation present.  From this original 
experiment, we will focus on two P levels and two tillage treatments, and their interaction.  The 
two levels of P are severely P-limiting and P in excess of plant demand (0 and 63 kg P ha-1, 0P and 
63P).  The two tillage practices interacting with P fertilization are chisel plow (CP) and no-tillage 
(NT).   
The soils at the experiment site are predominately from the Webster soil series:  a fine-
loamy, mixed, superactive, mesic, Typic Endoaquol (National Cooperative Soil Survey, 2014).  
The slopes are typically 0-3%, low drainage capacity, be moderately permeable  Over the last 25 
years, this area has a mean annual precipitation of 878 mm, and mean annual temperature of 10 
°C (Figure S.2.24; IA Mesonet, 2020).  
2.3.2 Soil Sampling and Processing 
Bulk field soil sampling was carried on June 4, 2019, 7 days after planting soybeans and 
maize. In each plot, five evenly-spread composite samples (20 cm depth) were taken with soil 
probe (5 cm diameter), placed into a plastic bag, and then homogenized. The samples were stored 
on ice between 2 to 3 h, before being placed in a laboratory refrigerator while being processed. All 
soils were sieved to diameters of 0-2 mm and 2-8 mm. Soils from 0-2 mm were refrigerated at 4°C 
for 48 hours. 
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For the rhizobox study, soil samples were taken on June 7, 2019. The samples were taken 
using custom-made hollow, rectangle with dimensions of 30 x 11.5 x 2.3 cm. To collect these 
intact, rectangular ‘soil slices’ we used a truck-mounted Giddings, model GSRPS powered by a 
31 horsepower gas engine and with 140 lb SPT drop hammer rotary head. Each soil sample was 
placed on a tray and wrapped in plastic. The samples were stored in the shade; once in the 
laboratory, they were refrigerated at 4 °C until used for the rhizobox study. 
2.3.3 Rhizobox Growth Chamber Study 
The soil slices were placed into one of two mini-rhizotron slots (33 x 11.5 x 2.3 cm), which 
comprise one rhizobox made of opaque PVC. Each rhizotron has a grid of holes (1 mm diameter), 
with each hole 5 mm from the adjacent, through which micro-suction lysimeters (or micro-
lysimeters) can be installed (Z. Y. Wang et al., 2004) (Figure 2.2).  The opposite side of the 
rhizotron was made of transparent Plexiglas, which allows for visualizing root growth (Figure 2.1). 
Each rhizobox was placed at a 30° angle with the transparent side facing down, forcing the roots 
to grow against its surface. For more information on the set-up of the rhizoboxes see Göttlein et 
al. (1999) and Wang et al. (2004). 
2.3.3.1 Crop Growth and Irrigation 
Hybrid maize seeds of the variety W5518 (Wyffels Hybrids Inc.) were used for this 
experiment. The maize seeds were treated with a solution of Bacillus firmus, clothianidin 500, 
fluoxastrobin, metalaxyl, and prothiconazole (Acceleron Pharma Inc.). The soybeans were of the 
CZ 2579GTLL variety (Credenz® - BASF Agriculture), treated with clothianidin and Bacillus 
firmus (Poncho/ Votivo® – BASF Agriculture); fluxapyroxad, pyraclostrobin, metalaxyl and 
triophane-methyl (Obvius Plus®- BASF Agriculture); and with fluopyram (Ilevo® - BASF 
Agriculture), 
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Each mini-rhizotron had a soil slice corresponding to a specific treatment and repetition, 
but also two different phases of the rotation. Maize was planted in soils after soybean was 
harvested in the previous autumn 2018, and soybean was planted where maize was harvested in 
the previous year. Each treatment and repetition were randomly distributed within a 2.4 x 1.2 m 
growth chamber (model CMP4030, Conviron Inc.).  Both crops were germinated within the mini-
rhizotron. For soybeans, two seeds were sown per rhizotron, and one of the plants was harvested 
on the first day of emergence if both emerged. For maize, only one seed was used for germination. 
The crops were grown for 14 days after emergence in growth chambers in which a controlled 
environment of 14 h of light (120 µE m-2s-1) at 25 °C and 10 h of darkness at 20 °C (Figure 2.3). 
The intent was to maintain soil moisture just above field capacity, so that the crops were 
not limited by water and mini-lysimeters not competing for water with the plant. Field capacity 
was measured as the water content in a saturated soil under a pressure of 0.33 kPa during 24 h. To 
maintain this condition, we monitored volumetric water content with soil moisture sensors, that  
10 cm long (the prong is 5.2 cm), 3.2 cm wide and 0.7 cm deep (ECH2O EC-TM, Decagon Devices, 
now METER Group, Inc.), inserted into the far corner of the soil slice. The sensors were connected 
to an Em50R data logger (Decagon Devices, now METER Group, Inc.). The difference between 
current volumetric water content and the 80% of the value at field capacity was used to determine 
the volume of water applied daily to each rhizobox (Figure S.2.25). Irrigation was made adding 
water manually on the top of each rhizotron, making sure to wet the entire surface. To avoid water 
overflow, 5 ml of water was added in intervals until achieving the required volume.  
2.3.4 Soil solution collection 
Soil solution was collected with microlysimeters with micro-suction cup tips made of P80 
ceramic with a porosity of 48% by volume and with pores with a maximum diameter of 1 µm 
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(KPM, Berlin, Germany). One end of the micro-suction cup was sealed with melted glass using a 
Bunsen burner. The other end of the micro-lysimeter was glued to a 5 cm long 
polyetheretherketone (PEEK) tube with an internal diameter of 0.75 mm. Each micro-suction cup 
was individually tested. Twelve micro-suction cups were installed in 3 rows at 6, 8.5, and 11 cm 
depth, in each row the micro-lysimeters were separated by 2 cm. Before the installation of the 
micro-lysimeters, to avoid any damage, a steel coop of the same diameter as the micro-suction 
cups was inserted and removed at the assigned points. Each micro-lysimeters was inserted until it 
made contact with the transparent side of the rhizotron, allowing them to see their position.  
Micro-lysimeterss were installed before planting, and connected through tubes to a sealed 
vacuum box, in which the solution of each micro-lysimeters was collected in individual 2 ml vials 
(Z. Y. Wang et al., 2004). The sealed vacuum box was connected to a vacuum pump that generated 
a constant pressure of -50 kpa that extracted solution from the soil. Each day the vacuum would 
be turned on from 10 am until 8 am, then vacuum was shut off and vials removed from the vacuum 
box (Figure 2.4).  The volume collected in each vial varied between 10 and 250 µL. When the 
roots were 2 cm long, the soil solution was collected daily for ten days. Data were visualized an 
analyzed for proximity to rhizosphere at different days based on when the roots reached a micro-
lysimeter (Figure 2.8, Wang et al. 2004). For example, roots reached micro-lysimeters 4 and 8, 
and 1, 5, 9 and 11 at days 3 and 5 respectively, but analytes in solution are represented on days-
since-root-arrival.   
2.3.4.1 Soil Sampling for Extracellular Phosphatase Enzyme Activity 
On the tenth day of collecting the soil solution, all the micro-lysimeters were removed from 
the rhizobox. The leaves and stems of the plants were harvested at the soil surface and the 
rhizoboxes were stored in a refrigerator at 13 °C for 1 to 3 d. Then, the transparent wall of the 
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rhizobox was removed, exposing the roots and soil. PEEK tubes (5 mm), with beveled ends, were 
used to collect the mini-soil cores from the exposed surface of the soil slices in the rhizotron 
showing roots.   Six mini-soil samples (2 mm deep) were taken at two distances from the root -- 
directly adjacent or 0 mm, or bulk soil with less influence from the root from at least 20 mm from 
the nearest root. Mini-soil samples were stored in scintillation vials and stored at -20 °C until 
analyses for phosphatase enzyme activity. 
2.3.5 Sample Analyses 
2.3.5.1 General soil analyses 
Soil samples were air-dried and a portion of each samples was send out to Ag Source to 
measure their chemical properties. Analyses included pH (1:1 soil/ deionized water and Sikora 
buffer), organic matter by loss on ignition (Combs & Nathan, 1998), and K, Ca, Mg and Na were 
extracted by Mehlich III and determined by ICP-OES (Warncke & Brown, 1998) as well as P 
(Frank, Beegle, & Denning J, 1998). Total C and total N was measuring using other portion of the 
samples that were ball milled and dried at 105 °C for 48 hs, then 10-15 mg of milled soil was 
combined with a larger amount of tungsten oxide catalyst and combusted with oxygen presence 
using an Leco Truspec CN analyzer (Combs & Nathan, 1998). Total C and N was interpreted as 
the CO2 and N gas emissions.  
2.3.5.2 Phosphate and Sulfate Anions; and K, Ca, and Mg Cations 
Thirty µL of soil solution from each vial was mixed with 70 µL of DI water to homogenize 
the samples to a same volume and work with same volume. Samples were analyzed for anions 
(PO4-P and  SO4-S) and cations (calcium, magnesium, and potassium) using a dual-channel ion 
chromatograph (IC) (DionexTM ICS-5000; Thermo Scientific, Waltham, MA). Cations were 
separated in 30mM methanesulfonic acid eluent (flow: 1.0 ml min-1) through a Dionex CS-16 
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analytical column. Anions were separated in 35mM potassium hydroxide eluent (flow: 1.0 ml min-
1) through a Dionex AS-20 analytical column. Chromeleon 7.2 Chromatography Data System was 
used for chromatogram acquisition and analysis. 
2.3.5.3 Nitrate 
Soil solution collected in day 2 and 6 was used to analyze  NO3-N concentration by 
spectrophotometric determination (Doane & Horwáth, 2003). Samples were diluted due high  
NO3-N content, in individual cells of a plate was mixed 10 µL of soil solution with 90 µL of DI 
water, then mixed with 200 µL of a solution containing vanadium (III), sulfanilamide and N-(1-
naphthyl)-ethylenediamine dihydrochloride (NED).  The vanadium reduces NO3- to NO2-, and 
then NO2- reacts with sulfanilamide and NED to form a pink colored product. Plates were analyzed 
in a microplate reader with 540 nm of wavelength  (SynergyTM HTX, BioTek 231 Instruments). 
2.3.5.4 Extracellular phosphatase enzyme activity 
Soil sub-samples from the rhizobox, described above, where mixed with 50 mM sodium 
acetate buffer and homogenized to create a slurry. Using a microplate, for each soils sample were 
used 24 cells where was mixed 200 µL of slurry with 50 µL of 50 mM sodium acetate buffer 
solution. In 8 cells was added 50 µL a 4-Methylumbelliferone standard (MUB), and in 16 cells 
was added 50 µL of 4-Methylumbelliferyl PO4-P substrate (PHOS). The plates were incubated at 
30 ⁰C for 1.5 hours. The solution fluorescence was read with a multi-mode microplate reader with 
emission/excitation set at 460/360  (SynergyTM HTX, BioTek 231 Instruments). 
2.3.5.5 Microbial biomass 
Refrigerated soil samples were sieved to 2 mm.  Then, into a desiccator jar, 5 grams of 
sieved soil was fumigated in absence of light and at 25 °C using 30 mL ethanol-free chloroform, 
while a corresponding sample was not fumigated and keep at the same conditions (adapted from 
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Horwath & Paul, 1994). After 24 hs both samples were extracted with 25 mL of 0.5 M K2SO4, 
shaken for 60 minutes, then stood for 30 minutes. The aliquot was passed through an 11 µm 
Whatman No. 1 filter and then stored at -20 °C until analyses. To measure microbial biomass 
nitrogen (MBN) and carbon (MBC), fumigated and unfumigated samples were acidified with 200 
µL of phosphoric acid to remove carbonates, and then the dissolved organic carbon (DOC) and the 
total dissolved nitrogen (TDN) were analyzed with the Shimadzu TOC/L TNM analyzer.  MBN 
and MBC was considered as the difference between fumigated and unfumigated TDN and DOC 
respectively. 
2.3.5.6 Phosphorus Use Efficiency 
  Phosphorus use efficiency (PUE) was calculated for both tillage treatments, within maize 
and soybeans.  This was calculated individually (at the block level) to provide replication of three 
that allowed for determining means, variance, and treatment effects on PUE.  PUE was calculated 
based on the apparent recovery efficiency by difference (Fixen et al., 2015), but instead of using 
the amount of nutrient applied we used the content of soil available P.  PUE is the ratio between 
the difference in P uptake in fertilized and unfertilized plants, 0P and 63P respectively (values 
presented in Section 3.4.1, Chapter 3), divided by the differences of plant-available P (M3P) 
present in each soil core, calculated as: 





U63 = P uptake in crop under P fertilized (63 kg P ha
-1)  
U0 = P uptake in crop under no P fertilizer (0 kg P ha
-1) 
𝑃𝐴𝑃 = 𝑀3𝑃63 − 𝑀𝑃30 
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PAP = plant-available P in the rhizotron = M3P63 – MP30  
M3P63 = total Mehlich III P in the rhizobox for 63 kg P ha
-1 
M3P0 = total Mehlich III P in the rhizobox for 0 kg P ha
-1 
2.3.6 Statistical Analyses 
All the analyses and data visualization were performed with the software R (v 3.6.1). First, 
data were analyzed separately for each crop, and tested for normality through the Shapiro-Wilk 
test. Data that did not fit into a normal distribution were tested again after transforming values to 
a logarithms scale and removing outliers. Data that remained abnormal were analyzed with a 
Kruskal test to compare means. If significant differences appeared samples were analyzed with a 
Wilcoxon test to compare different treatments. Data with a normal distribution were analyzed with 
an analysis of variance.  A two-way ANOVA F-test was used to analyze soil properties and 
microbial biomass, the independent variables where the soil fertilization: 0P and 63P; and the 
tillage effect: CT and NT.  A one-way ANOVA f-test, with tillage (CT and NT) as variable, was 
used to analyze differences for PUE between tillage systems.  A one-way ANOVA f-test, with 
distance to the root (<3 mm and >3 mm) as variable, was used to analyze differences for the 
phosphatase activity between the rhizosphere and the bulk soil. Means and ANOVA results were 
calculated using the package emmeans in R. After not finding any difference for this parameter, a 
two-way ANOVA f-test was used to compare differences with fertilization and tillage.   
2.4 Results 
2.4.1 Soil Description 
Twenty-five years of P fertilization (or lack thereof) and NT had no significant effect on 
soil pH or SOC. However, NT slightly increase SOM by 8% although non-significant (p =0.06, 
Figure 2.7). No-tillage did not affect bulk density (p = 0.34, Figure 2.5).  Unsurprisingly, the 
largest, most salient, differences amongst treatments were the plant-available, or Mehlich III-
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extractable (M3P), P between 0P and 63P treatments. Fertilized soils in soybean the previous year 
had +500% greater M3P in CT plots and +900% higher in NT than non-fertilized soils. After 
maize, there was a more consistent effect of +900% across both tillage practices (Figure 2.9, Table 
2.1).  
2.4.2 Phosphate 
Phosphate (PO4-P) concentrations across all treatments declined over time – indicating 
microlysimeters were depleting exchangeable/available P throughout the experiment.  Multiple 
samples from unfertilized soils had a PO4-P concentration below the ion chromatograph detection 
limit (0.1 mg L-1). For statistical comparison, those samples below detection limit were considered 
to have ½ of the detection limit (or 0.05 mg L-1), a common practice used in this situation. For 
both crops, P fertilization significantly increased PO4-P concentration in soil solution (p = <0.0001, 
Table 2.2). In maize, fertilized soils increased the average concentration by 40% from 16.1 to 22.6 
mg PO4-P L
-1 (Figure 2.10). However, that difference is only observed in NT soils, where the 
unfertilized soils have a mean concentration of 2.3 mg L-1, and fertilized soils have a mean 
concentration of 17.2 mg PO4-P L
-1. In CP soils, both fertilization rates have a mean of 27.1 mg 
PO4-P L
-1, although fertilized soils presented a higher value range from 0.2 to 154 mg PO4-P L
-1, 
and from the unfertilized soils is from 0.2 to 80.3 mg PO4-P L
-1.  In maize, NT dramatically reduced 
PO4-P concentration across all treatments, regardless of proximity to roots, by 1000% in 
unfertilized soils and 58% in fertilized soils.  Except for the non-fertilized NT treatment, all other 
treatments decreased PO4-P concentration in bulk soil over time (Figure 2.10). Changes were more 
noticeable between 5 and 7 d (p= <0.001).  At 1 d, concentration in fertilized CT and NT and 
unfertilized CT soils was 40.0, 11.0 and 44. 6 mg PO4-P L
-1 respectively, while at 10 d the 
concentration decreased over 100% to 3.01, 4.63 and 0.17 mg PO4-P L
-1. Rhizosphere in fertilized 
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soils had an average PO4-P concentration of 9.79 mg PO4-P L
-1, which was lower than bulk soil 
(24.4 PO4-P mg L
-1, p= <0.001). Towards the final days of soil solution collection, the rhizosphere 
was no different than bulk soil indicating depletion of available PO4-P.  Similar values were found 
in unfertilized CP soils, while in NT soils there were no differences. 
In soybean, PO4-P concentration was much lower across all treatments.  P-fertilized soils 
within soybean year ranged between 0.2 to 22.5 mg PO4-P L
-1 (Figure 2.11). Fertilized soils had a 
mean PO4-P concentration of 4 mg PO4-P L
-1, while in unfertilized soils the concentration was 2.0 
mg PO4-P L
-1. There was no effect of NT, the rhizosphere, nor time. 
2.4.3 Sulfate and Nitrate 
Soil solution  sulfate (SO4-S) concentration ranged between 0.8 and 207 mg SO4-S L
-1, 
with and average concentration of 15.8 mg SO4-S L
-1 (Figure 2.12, and Figure 2.13).   SO4-S 
concentrations in bulk soil were much more similar between crops (p= 0.08). Instead of depletion 
over time, soils showed greater release of S from soils. The soybean rhizosphere conditions did 
not alter SO4-S concentration compared to bulk soil (p= 0.61), while maize rhizosphere increased 
the SO4-S concentration by 27% (p= <0.001).  Additionally, there was no tillage effect on SO4-S.  
P fertilization increased SO4-S concentration in soil solution by 35% relative to 0P (p= <0.001). 
In P fertilized soils the SO4-S concentration is 17.3 mg SO4-S L
-1, and 12.8 mg SO4-S L
-1 in 0P 
soils. In bulk soil, SO4-S concentration increased over time (p= <0.0001), that difference was 
already noticed between 1 and 3 d. However, in the rhizosphere there was no change between days. 
Similar to SO4-S, nitrate (NO3-N) was not depleted over time but remained relatively stable 
over time in bulk and rhizosphere soils of both crops (p = 0.053). Concentrations in the soil solution 
ranged between 0.94 and 39.6 mg NO3-N L
-1, with and average concentration of 17.42 mg NO3-N 
L-1 (Figure 2.14). There were no differences in NO3-N concentrations between crops (p = 0.16), 
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tillage system (p = 0.41), nor P fertilization (p = 0.06). The rhizosphere depleted soil solution  NO3-
N from 5.8 to 19.9 mg NO3-N L
-1 (-240%, p = <0.0001). Overall, treatments had little effect on 
NO3-N dynamics. 
2.4.4 Potassium, Calcium, and Magnesium 
Potassium (K) concentrations varied by tillage, fertilization and between days. However, 
those changes do not follow a consistent pattern of increase or depletion like PO4-P and SO4-S 
(See Table 2.2). K concentrations in NT soils, mean of 91.6 mg K L-1, were 130% lower than CT 
soils. In 63P soils, K had a concentration of 143.5 mg K L-1, which was 37% lower than 0P soils 
(Table 2.3 and Figure 2.15).  In the soybean, tillage created a significant difference between 
treatments (p= <0.01). In NT, the K concentration was 60.9 mg K L-1, and was 60% lower than in 
the CP soils. 
Calcium (Ca) showed significant differences amongst tillage treatments and between days, 
but only for maize (See Table 2.2).  With a concentration of 268.5 mg Ca L-1, CT soils where 32% 
higher than NT soils, after 1 d, the mean Ca concentration was 189. 6 mg Ca L-1, and 46% lower 
by 10 d (Table 2.3 and Figure 2.16). With regard to soybeans, CT increased Ca concentrations 
from 200.2 to 258.1 mg Ca l-1, an 29% increase (p = 0.05). 
Magnesium (Mg) concentration was significantly different between days and tillage system 
in maize treatments (See Table 2.2, p= <0.001).  In CT soils, the Mg concentration was 72.3 mg 
Mg L-1, and 42% higher than in NT soils; at 1 d the Mg average concentration was 47.3 mg Mg L-
1 and it increased by 52% until day 10 (Table 2.3 and Figure 2.17). In soils with soybean, there 
was a significant difference between days; on day 1 the mean K concentration was 45.9 mg Mg L-
1 and was 22% lower than on day 10.  Overall, there were no clear treatment effects for any of 
these three cations, nor trends in concentrations over time.  
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2.4.5 Extracellular Phosphatase Enzyme Activity 
Phosphatase activity varied by treatment and crop, but we did not detect any significant 
difference between bulk and rhizosphere soils, so we pooled data analyzed and presented for main 
treatment effects and interactions (Figure 2.18).  In soils after soybean harvest, but where maize 
was grown, the phosphatase activity ranged from 22.4 to 168 µmol g-1 h-1. NT decreased 
phosphatase activity by 360 % (p=<0.001). Where soybean was grown after corn, the phosphatase 
activity ranged from 17.7 to 21.6 µmol g-1 h-1. There was a significant interaction between P 
fertilization and tillage in soils with soybean (p=0.01), where P fertilizer decreased phosphatase 
activity by 75%, but only under NT. 
2.4.6 Microbial Biomass Carbon, Nitrogen, and Phosphorus 
Microbial biomass carbon ranged from 142 to 268 mg C kg-1, with mean of 203 mg C kg-
1, across all treatments (Figure 2.19).  Microbial biomass N ranged from 4.0 to 31.6 mg N kg-1, 
with mean of 18.5 mg N kg-1, across all treatments (Figure 2.20Figure 2.20).  There were little 
significant differences amongst treatments for both C and N in microbial biomass. However, a 
significant interaction occurred amongst treatments in maize after soybean harvest (p= 0.02, Figure 
2.20).  First, the MBN under NT was 28% greater than soils under CT.  Second, 63P decreased 
MBN by 350% compared to 0P but only under CT. The MBC to MBN ratio (MBC:MBN) ranged 
from 7 to 44 and mean of 10 (Figure 2.21). The differences in MBC:MBN mostly driven by the 
effect of one specific treatment – 63P in CT soils had an average MBC:MBN of 42. 
Microbial biomass phosphorus (MBP) in soils ranged between 3.26 to 4.65 mg P kg , with 
a mean of 3.89 mg P kg  (Figure 2.22).  Surprisingly, MBP did not change between crops residues 
(p= 0.81), P fertilization (p= 0.07), nor tillage (p= 0.19).  
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2.4.7 Phosphorus Use efficiency 
Phosphorus use efficiency (PUE) ranged between 0.25 and 1.83 with an average value of 
0.63 (Figure 2.23). PUE did not change between crops (p= 0.76) nor tillage (p= 0.45). 
2.5 Discussion 
Long-term management effects on how soils and plants interact are critical to understand in 
order to sustainably manage agroecosystems.  Here 25 years of excessive P fertilization (or 
complete lack thereof) and no-tillage resulted in complex and unexpected interactions on microbial 
biomass and activity, and nutrient dynamics. We expected to find that both P fertilization and 
tillage haven an effect on the uptake of nutrients, especially P, and microbial activity in crop 
rhizosphere. In some cases (specific crops, treatments, or nutrients), this expectation was met, 
while there were many other instances others it did not. Here I provide context for these findings. 
2.5.1 Effects on Rhizosphere Nutrient Cycling 
Phosphate (PO4-P) concentrations vary by crop residue, +500% higher in soils with 
soybean residue where maize was grown. Differences could be caused by different soil storage 
time until plant growing and sampling; maize was grown two months after soybean, giving more 
time to decompose organic matter and releasing P to the soil solution. As expected, P fertilization 
increased PO4-P concentration in soil solution (Shi et al., 2013). However, on the first days of 
sampling, the PO4-P concentration did not change between fertilized and unfertilized CP soils. In 
CT-0P soils, PO4-P concentration was surprisingly high (27.1 mg P L
-1). This high PO4-P 
concentration in CP soils also corresponded to a greater phosphatase activity (350% greater than 
other treatments), and this could explain greater release of PO4-P into the soil solution from  
organic P compounds (Caldwell, 2005). We observed a depletion of P in both rhizosphere and bulk 
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soils, whereas others have found a depletion in organic P in maize rhizosphere (Cabeza et al., 
2017).  PO4-P concentration also varies depending on the tillage system, with greatest 
concentration in CT soils. Higher values could be explained by a better mix of nutrients throughout 
the entire soil profile with tillage, while in the NT soils the PO4-P could be stratified or 
concentrated in the first 2.5 cm of soil (Tracy et al., 1990).  Our samples were taken at 0-12 cm 
depth, but did not reflect stratification in PO4-P concentration (Figure S.2.26). A third factor 
affecting the PO4-P concentration was time. 
The use of rhizoboxes with micro-suction cups has been described as an ideal method to 
study in-situ the dynamics of nutrients in the rhizosphere, since sampling does not destroy the soil 
structure (Dieffenbach, Göttlein, & Matzner, 1997; Göttlein, Hell, & Blasek, 1996; Neumann, 
George, & Plassard, 2009; Oburger & Schmidt, 2016; Schmidt, Lowry, & Gaudin, 2018). This 
methodology has allowed us to verify our hypothesis that the maize rhizosphere will deplete 
nutrients from the soil. Soybean is not efficient at PO4-P uptake, while maize rapidly depleted 
rhizosphere PO4-P (Figure 2.10). Authors using similar experimental set-up (Wang et al., 2004), 
e.g. rhizoboxes, and Midwestern US soils also observed a similar striking difference in rhizosphere 
P dynamics between maize and soybean. In a similar experiments, but adding different 
concentrations of PO4-P at 28, 46 and 50 days into the soil solution, the rhizosphere PO4-P 
depletion by maize was also observed (Liu et al., 2016).  However, Liu et al., (2016) also showed 
that with low P (<0.5 mg P L-1) in soil solution, at day 28 there are no differences in PO4-P between 
the maize rhizosphere and the bulk soil. We also found less PO4-P in the rhizosphere under most 
treatment combinations under maize, meaning maize was depleting rhizosphere PO4-P (Figure 
2.10).  Soybean, however, did not show similar consistent trends with declines in PO4-P (Figure 
2.11).  NT corn, with no P fertilizer, showed to be very P deprived and resulted in low 
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concentrations throughout the experiment but CP (also without P fertilizer) did not.  Perhaps this 
is a temporary pulse of available P due to tillage which occurred 3 weeks before sample collection.  
The lower overall dissolved PO4-P in NT with P compared to CP with P, especially at the beginning 
of the experiment, perhaps point to either stratification of P in the NT system or perhaps efficient 
cycling of P from improved soil structure and biological activity (Garland et al., 2018).  If P were 
stratified however, we would expect lower plant uptake but this was not the case (Figure 3.4, 
Figure 3.5, Chapter 3). giving more credence to changes in soil. The PUE did not change between 
tillage system in either of the crops.  
Sulfur, like P, is also an essential plant nutrient and here we showed P fertilization and 
tillage can interact to affect SO4-S nutrient dynamics.  SO4-S content is lower NT-0P soil (p= 
<0.001). We also did not find differences in SO4-S concentration between the rhizosphere and the 
bulk soil (p= 0.35). There are few studies on the dynamics of SO4-S in the rhizosphere using 
rhizoboxes, however, Dessureault-Rompré, Nowack, Schulin, & Luster, (2006) reported 
measuring soils with white lupine that after 7 weeks the rhizosphere can deplete SO4-S by 100% 
compared to the bulk soil. The absence of rhizosphere SO4-S depletion could be explained by both 
maize and soybean do not have as high demand for SO4-S compared to P in these soils (Lambers 
& Oliveira, 2019), thereby S in excess of plant demand will be released from SOM via net 
mineralization. Especially without plant uptake, the slopes of the bulk soil therefore reflect net S 
mineralization rates. Other explanation could be that  SO4-S, being more mobile than PO4-P 
(Johnson & Cole, 1980; Johnson, Cole, Van Miegroet, & Horng, 1986), could move from the bulk 
soil to the rhizosphere masking the absorption gradients in general.  A final explanation, is that 
Iowa’s soils used in this experiment are high in organic S (>90%, Pirela & Tabatabai, 1988), and 
net S mineralization can release SO4-S in excess of plant demand (Tabatabai & Bremner, 1972).  
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This last explanation is supported by few reports of maize or soybean S limitation in Iowa (Sawyer 
& Barker, 2002).  
Some ions were rather non-responsive to long-term management and rhizosphere influence 
(Figure 2.14,Figure 2.15, Figure 2.16 andFigure 2.17).  In our study we found a significant 
depletion of  NO3-N in the rhizosphere, that is not surprising comparing previous studies with 
rhizoboxes (J. Dessureault-Rompré, Nowack, Schulin, Tercier-Waeber, & Luster, 2008; Jacynthe 
Dessureault-Rompré et al., 2006).  The difference between the higher NO3-N depletion compared 
to PO4-P and SO4-S could be explained by the high mobility of the N in soil. Our finding of a lack 
of changes in cation concentrations are contrary to the findings of Göttlein et al., (1999), who 
showed that with oak trees there is a rapid depletion of cations in the rhizosphere. Although cations 
show differences between days, and tillage practices, those differences were inconsistent. For 
example, these cation concentrations were higher at 5 d compared to 1 d and 10 d (Figure 
2.16Figure 2.17).   
Only PO4-P and SO4-S, two anions with contrasting mobilities in soil, showed consistent 
changes in concentration over time. In the case of maize PO4-P, there was a depletion over time, 
while SO4-S increased over time. Depletion in bulk soil PO4-P could be due to the presence of 
hidden roots or micro-lysimeter capturing exchangeable P from soil colloids driving diffusion 
gradient and depleting exchangeable P in the surrounding soil. However, because a consistent trend 
with time was also found for SO4-S, it was not likely hidden roots nor a pressure effect of the 
micro-lysimeters. It is more likely that we were capturing the true dynamics of each nutrient in the 
soil.  PO4-P has low mobility in the soil, especially soils with high concentrations of Ca or Fe- and 
Al-(hydr)oxides.  These soils from northcentral, Iowa USA have low Fe- and Al-(hydr)oxide 
containing minerals and are not calcareous (National Cooperative Soil Survey, 2014), so not a 
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relatively strong a sink for available P.  However, PO4-P depletion occurred quite rapidly from 30-
60 mg P L-1 to < 10 mg P L-1 in 10 d under maize but no observed changes when soybean was 
grown.  This indicates that something about the phase in the crop rotation can strongly regulates P 
availability in the following season.  Soybean residue typically has more narrow C:N and C:P ratio 
compared to maize residue (Gentry, Below, David, & Bergerou, 2001), and thus previous soybean 
residue could have provided labile P source seen in bulk and rhizosphere soil when maize is grown.  
However, SO4-S has a higher mobility than P, so the micro-lysimeters pressure could have 
concentrated the SO4-S from the bulk soil at the collection points. The studies conducted by 
Göttlein et al., (1996); Liu, White, & Li, 2016b; and Wang et al., (2004) with anions and cations 
concentrations in mixed soils describe micro-lysimeters pressures between -225 and -750 mmHg, 
and with no changes in concentrations in bulk soil. Our study used a collection pressure of -300 
mmHg in undisturbed soil samples, which could imply that to carry out rhizobox studies in 
undisturbed soils is necessary to work with lower pressures with the risk of not collection enough 
soil solution for analysis in individual lysimeters. 
2.5.2 Effects of P fertilizer and no-tillage on microbial biomass and extracellular 
phosphatase activity 
P fertilization did not change MBC and MBN, but no-tillage increased the content of MBN 
by 28% (p= <0.01) and MBC by 12.5% (p= 0.06). These results are similar to the findings of 
Follett & Schimel (1989), that comparing a wheat rotation in no-till and plow soils with natural 
prairies soils in Nebraska, found that after 16 years the MBC was 37% higher in NT than in plowed 
soils, and the MBN is 31% higher.  In contrast to the increase of MBC, the NT reduced over 300% 
the phosphatase activity in maize grown after soybean. This highlights an increased efficiency 
whereby MBC is increased, but PHOSase activity decreased.  Conservation practices, like no-
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tillage, have been shown to increase microbial biomass but not sometimes decrease enzyme 
activity (Balota, Filho, Andrade, & Dick, 2004). In soybean, the tillage interacted with the 
fertilization, in fertilized plots the NT reduced the phosphatase activity by 75% and under CP it 
increased by 59%. A meta-analysis on no-tillage effects on soil biological activity show that most 
studies find NT increases enzyme activity ranging from 0 to 110% depending on the enzyme in 
question (Zuber & Villamil, 2016).  More specifically, NT was found to increase PHOSase by 
30% compared to conventional tillage in Mollisol soils in northwest, Ohio (Dick (1984). 
Phosphatase activity is correlated to the organic C concentration in soil (Deng & Tabatabai, 1997; 
Dick, 1984), while with CT there is higher vertical movement of organic residues and nutrients 
deeper into the soil (Duiker & Beegle, 2006). Therefore, our findings of high PHOSase at 10 cm 
of depth could be related to an increase of organic C depth in the soul due tilling the soybean 
residue.  
The MBC/MBN ratio was higher in soils with soybean residue, related to a lower MBN 
content in CP soils.  Our study showed an interaction in soils with soybean residue between tillage 
and fertilization where the ratio in fertilized CP soils with soybean residue was on average 42 and 
was 130% higher than in the unfertilized plots. However, this extreme value is due the low MBN 
content in the treatment, and the reason for the low MBN value is not known  
In case of MBP, we surprisingly did not find differences across treatments. The absence of 
results could be explained due a late sampling in July. Liu et al., (2008) showed an increase of 
MBP in fertilized soils, although the difference was higher in early spring, and with not significant 
differences in July and October.  At time of collection, there was no growing crop so 
microorganisms, and mycorrhiza specifically, were not in high abundance due to lack of growing 
crops. It could be, that MBP is just rather insensitive to management practices, even practices 
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expected to alter it like long-term P limitation/excess and NT.  An optimal ratio between N and P 
in soil is necessary to obtain an optimal increase in microbial biomass (Kouno, Pratopo Lukito, & 
Ando, 1999; Lukito, Kouno, & Ando, 1998). High P rates used in our experiment could have 
unbalanced nutrients ratios that actually decreased microbial biomass P (Liu et al., (2008).  Liu et 
al., (2008) found in clay-loam soils in western Quebec, that adding 40 kg P ha-1 resulted in greater 
MBP than 0 and 80 kg P ha-1.  
2.6  Conclusion 
In this study, we analyzed the effect of fertilization and no-till on the nutrient PO4-P 
dynamics in the rhizosphere of maize and soybeans, two major crops in the US Midwest. Nutrient 
acquisition in early crop growth is critical for setting the stage for optimal growth during the 
remainder of the growing season, and efficient plant use will reduce nutrients lost to the 
environment. We showed complex interactive effects between 25 years of inefficient/excess P 
fertilizer and no-tillage on soil nutrient dynamics.  These included interactions with non-target 
effects on cycling of other nutrients than P, mostly S dynamics, as well as importance of crop 
phase in regulating cycling of nutrients to plants.  One of the most salient findings was that no-
tillage increased microbial biomass but at the same time decrease residual P and demand for P 
(expressed by phosphatase enzyme activity), but this did not translate to differences in P use 
efficiency amongst treatments. These findings illustrate the complexity of interactions between 





2.7 Figures and Tables 
Table 2.1 Mean and standard deviation (n = 3) for soil properties 
 Tillage: CP NT 
 Fertilization: 0 Kg P ha-1 63 Kg P ha-1 0 Kg P ha-1 63 Kg P ha-1 
 pH 6.17±0.67 6.10±0.60 5.87±0.31 5.97±0.38 
%
 







P(M3) 6.00±1.00 36.33±11.93 6.67±2.08 66.33±11.93 
K 112.00±27.84 94.67±18.45 142.00±35.93 108.67±6.11 
Mg 526.00±69.94 486.00±29.60 489.00±43.00 489.00±57.65 
Ca 3735.00±550.26 3445.00±44.31 3320.67±241.71 3663.00±127.82 
S 3.00±0.00 3.00±0.00 3.00±0.00 3.33±0.58 
Zn 0.57±0.06 0.53±0.06 0.67±0.29 0.67±0.12 
Mn 11.50±6.55 8.67±2.61 12.97±6.07 8.37±2.35 
Cu 1.80±0.87 1.43±0.25 1.33±0.32 1.60±0.62 
Fe 34.40±24.69 31.27±19.83 34.00±16.76 34.60±15.64 
B 0.47±0.12 0.53±0.15 0.43±0.06 0.47±0.06 
 CEC 27.77 25.63 26.00 27.60 
 
Table 2.2 Probability values from Kruskal-Wallis test evaluating effect of soil fertilization, 
distance to root, tillage system on the concentration of PO4-P, K, Ca, and Mg over time 
 Maize Soybean 
 PO4-P K Ca Mg PO4-P K Ca Mg 
Fertilization - <0.0001 0.0920 0.0154 - 0.5888 0.0640 0.2356 
Time <0.0001 0.2225 <0.0001 <0.0001 0.0038 0.4776 <0.0001 <0.0001 
Distance to root 0.0002 0.1710 0.0006 0.0040 0.2718 0.7006 0.6972 0.5853 
Tillage system <0.0001 <0.0001 <0.0001 <0.0001 0.4869 <0.0001 0.1587 0.0942 
 
Table 2.3 Mean and standard deviation for concentration of PO4-P and  SO4-S by crop, tillage 
system, fertilization, type of soil and day. 
Crop Tillage system Fertilization Distance Day PO4-P  SO4-S 
Maize CP 
0 Kg P ha-1 
<3 mm 1 2.27 ± 3.19 2.18 ± 2.18 
<3 mm 2 1.39 ± 0.22 0.18 ± 0.18 
<3 mm 3 1.58 ± 0.77 0.44 ± 0.44 
<3 mm 4 0.35 ± 0.48 0.71 ± 0.71 
<3 mm 5 0.02 ± 0 1 ± 1 
>3 mm 1 4.6 ± 1.84 0.35 ± 0.35 
>3 mm 5 3.94 ± 1.81 0.29 ± 0.29 
>3 mm 8 3.02 ± 2.35 1.16 ± 1.16 
>3 mm 9 1.81 ± 1.19 0.58 ± 0.58 
>3 mm 10 0.02 ± 0 1.3 ± 1.3 
63 Kg P ha-1 
<3 mm 1 2.06 ± 1.49 0.5 ± 0.5 
<3 mm 2 0.74 ± - - 
<3 mm 3 1.2 ± 1.76 0.86 ± 0.86 
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Table 2.3. Continued 
Crop Tillage system Fertilization Distance Day PO4-P  SO4-S 
 
  
<3 mm 4 0.24 ± - - 
<3 mm 5 1.13 ± 0.89 0.56 ± 0.56 
<3 mm 6 0.15 ± - - 
<3 mm 7 0.25 ± 0.33 0.48 ± 0.48 
<3 mm 8 0.25 ± - - 
<3 mm 9 0.17 ± - - 
<3 mm 10 0.41 ± - - 
>3 mm 1 4.26 ± 1.33 0.37 ± 0.37 
>3 mm 3 4.94 ± 3.25 0.54 ± 0.54 
>3 mm 5 3.46 ± 3.15 1.18 ± 1.18 
>3 mm 7 1.37 ± 1.06 1.57 ± 1.57 
>3 mm 8 0.72 ± 0.46 1 ± 1 
>3 mm 9 0.47 ± 0.38 1.17 ± 1.17 
>3 mm 10 0.29 ± 0.31 0.9 ± 0.9 
NT 
0 Kg P ha-1 
<3 mm 1 0.31 ± 0.37 0.26 ± 0.26 
<3 mm 2 0.17 ± 0.26 0.12 ± 0.12 
<3 mm 3 0.18 ± - - 
<3 mm 5 0.42 ± 0.7 0.7 ± 0.7 
>3 mm 1 0.02 ± 0 0.3 ± 0.3 
>3 mm 5 0.94 ± 0.71 0.38 ± 0.38 
>3 mm 8 0.56 ± 0.46 0.49 ± 0.49 
>3 mm 9 0.29 ± 0.41 1.55 ± 1.55 
>3 mm 10 0.02 ± 0 0.57 ± 0.57 
63 Kg P ha-1 
<3 mm 1 0.96 ± - - 
<3 mm 2 2.3 ± 2.37 3.31 ± 3.31 
<3 mm 3 0.19 ± - - 
<3 mm 4 0.33 ± 0.14 0.42 ± 0.42 
<3 mm 5 0.23 ± - - 
>3 mm 1 1.1 ± 1.11 0.47 ± 0.47 
>3 mm 3 4.23 ± 2.97 0.76 ± 0.76 
>3 mm 5 2.86 ± 2.93 0.71 ± 0.71 
>3 mm 7 1.22 ± 1.12 5.64 ± 5.64 
>3 mm 8 0.46 ± 0.42 0.31 ± 0.31 
>3 mm 9 0.17 ± 0.15 0.64 ± 0.64 
>3 mm 10 0.46 ± 0.38 2.4 ± 2.4 
Soybean CP 0 Kg P ha-1 
<3 mm 1 0.02 ± 0 0.02 ± 0.02 
<3 mm 2 0.56 ± - - 
<3 mm 3 0.67 ± - - 
<3 mm 4 2.08 ± - - 
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Table 2.3. Continued 




<3 mm 5 1 ± - - 
<3 mm 6 0.02 ± - - 
<3 mm 7 0.02 ± - - 
<3 mm 9 0.02 ± 0 0.98 ± 0.98 
>3 mm 1 0.02 ± 0 0.58 ± 0.58 
>3 mm 5 0.58 ± 0.45 0.64 ± 0.64 
>3 mm 10 0.02 ± 0 2.16 ± 2.16 
63 Kg P ha-1 
<3 mm 1 0.21 ± - - 
<3 mm 2 1.12 ± - - 
<3 mm 3 0.13 ± - - 
<3 mm 7 0.15 ± - - 
<3 mm 8 0.3 ± - - 
>3 mm 1 0.32 ± 0.38 0.5 ± 0.5 
>3 mm 5 0.69 ± 0.45 0.38 ± 0.38 
>3 mm 10 0.53 ± 0.6 1.22 ± 1.22 
NT 
0 Kg P ha-1 
<3 mm 1 0.55 ± 0.76 0.04 ± 0.04 
<3 mm 2 0.54 ± 0.09 0.76 ± 0.76 
<3 mm 4 0.02 ± - - 
<3 mm 5 0.02 ± 0 1.41 ± 1.41 
<3 mm 7 0.02 ± - - 
<3 mm 8 0.02 ± - - 
<3 mm 10 0.64 ± - - 
>3 mm 1 0.14 ± 0.41 1.39 ± 1.39 
>3 mm 5 1.11 ± 0.77 0.71 ± 0.71 
>3 mm 10 0.07 ± 0.14 1.52 ± 1.52 
63 Kg P ha-1 
<3 mm 1 0.31 ± 0.08 1.12 ± 1.12 
<3 mm 5 0.2 ± - - 
<3 mm 10 0.28 ± 0.09 0.77 ± 0.77 
>3 mm 1 0.31 ± 0.11 0.6 ± 0.6 








Table 2.4 Mean and standard deviation for concentration of K, Ca, and Mg, by crop, tillage system, 
fertilization, type of soil and day 
Crop Tillage Fertilization Day  Soil K (mg l-1) Ca (mg l-1) Mg (mg l-1) 
Maize 
CP 
0 Kg P/ha 
1 
 Rhi 7.30 287.27 77.66 
 BS 8.17±6.68 271.11±95.64 67.63±25.68 
5  BS 8.92±6.65 312.28±121.72 79.57±34.37 
8 
 Rhi 6.62±3.73 184.82±18.6 45.48±6.71 
 BS 15.56±14.65 301.86±168.57 77.17±43.69 
9 
 Rhi 4.21±1.74 191.4±101.38 43.82±22.9 
 BS 10.51±11.18 213.21±61.21 55.21±17.97 
10 
 Rhi 13.11±6.49 434.37±137.74 140.42±59.84 
 BS 32.08±39.32 533.28±221.82 147.4±73.82 
63 Kg P/ha 
1 
 Rhi 5.3±0.45 200.72±14.68 51.92±3.68 
 BS 11.54±10.49 281.84±82.6 70.39±23.73 
5 
 Rhi 4.47±3.34 156.71±45.83 36.61±10.75 
 BS 13.14±27.82 324.68±249.69 79.6±59.64 
8 
 Rhi 4.83±4.86 150.42±21.99 38.98±4.88 
 BS 6.59±7.67 211.44±109.65 54.53±32.49 
9 
 Rhi 2.77±1.87 130.99±67.51 33.96±18.03 
 BS 5.03±3.85 190.49±81.39 48.89±22.78 
10 
 Rhi 3.24±2.19 375.04±207.38 114.77±66.9 
 BS 29.87±31.52 350.45±131.64 109.25±48.09 
NT 
0 Kg P/ha 
1  BS 24.37±17.76 250.68±81.98 67.34±23.08 
5 
 Rhi 18.38±11.03 145.6±41.59 34.55±9.13 
 BS 14.65±18.38 152.91±79.5 37.11±19.79 
8 
 Rhi 5.34 75.37 20.64 
 BS 13.44±16.73 137.77±75.28 38.23±18.68 
9 
 Rhi 4.55±5.2 81.89±20.51 21.03±7.15 
 BS 15.63±20.93 167.83±124.27 43.41±31.54 
10 
 Rhi 6.13±3.14 175.37±53.43 44.2±21.65 
 BS 55.78±71.72 254.71±152.94 67.28±49.66 
63 Kg P/ha 
1  BS 3.55±4.59 204.49±115.61 46.75±27.01 
5 
 Rhi 32.36±43.41 407.44±346.29 102.29±109.29 
 BS 2.77±2.33 255.69±175.74 59.52±42.95 
8 
 Rhi 5.95±5.3 178.15±4.37 47.44±5.22 
 BS 2.25±1.55 145.05±51.69 31.24±9.87 
9 
 Rhi 2.05 197.08 51.58 
 BS 3.14±1.52 159.37±40.07 37.85±13.68 
10 
 Rhi -  265.93 64.86 
 BS 2.47±2.43 412.06±343.88 99.64±76.02 
Soybean 
CP 
0 Kg P/ha 
1 
 Rhi 44.48±54.26 322.28±318.08 110.6±116.1 
 BS 6.7±20.32 150.61±97.59 43.34±38.55 
5 
 Rhi 10.46±11.84 269.06±168.85 71.71±46.35 
 BS 6.13±6.57 203.41±77.85 51.59±19.64 
10 
 Rhi 2.57±1.07 214.47±84.06 57.64±23.37 
 BS 5.43±8.26 339.69±351.76 104.1±131.06 
63 Kg P/ha 
1  BS 4.28±5.36 151.99±84.57 40.34±23.88 
5 
 Rhi 0.69±0.15 123.43±84.53 28.8±21.23 
 BS 3.4±3.24 158±53.96 39.93±13.71 
10 
 Rhi 5.93±4.58 167.94±76.23 47.03±12.15 
 BS 6.06±5.86 300.36±154.94 83.49±46.97 
NT 0 Kg P/ha 
1 
 Rhi 7.23±7.98 90.3±4.94 25.37±0.2 
 BS 8.9±9.76 103.33±43.17 32.18±20.55 
5  Rhi 7.33±1.93 227.2±154.79 61.44±41.13 
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Table 2.4. Continued 
Crop Tillage Fertilization Day  Soil K (mg l-1) Ca (mg l-1) Mg (mg l-1) 
  
 
  BS 7.11±9.05 234.62±106.9 61.44±31.65 
10 
 Rhi 5.38±3.87 143.85±69.63 38.67±16.93 
 BS 9.53±12.79 187.31±165.78 55.59±49.6 
63 Kg P/ha 
1 
 Rhi 3.83±1.66 119.38±12.91 31.42±3.57 
 BS 3.6±1 140.4±57.66 37.74±15.57 
5 
 Rhi 2.63±3.65 409.48±142.32 87.82±29.14 
 BS 3.66±3.31 361.09±113.78 89.7±30.5 
10 
 Rhi 3.23±1.28 164.18±70.44 41.03±17.75 
 BS 3.47±1.69 159.7±56.2 41.8±14.13 
 
Table 2.5 Mean and standard deviation for microbial biomass N, C and MBC/MBN ratio by 
crop, tillage system and fertilization 
Crop Tillage Fertilization MBN (mg kg-1) MBC (mg kg-1) MBC/MBN 
Maize 
CP 
0 Kg P ha -1 1.40±0.58 17.86±1.92 14.35±5.83 
63 Kg P ha -1 0.25±0.35 18.58±2.72 42.02±1.60 
NT 
0 Kg P ha -1 1.64±0.33 21.13±4.39 13.46±4.63 
63 Kg P ha -1 2.24±0.64 22.32±0.64 10.42±2.33 
Soybean 
CP 
0 Kg P ha -1 2.13±0.36 18.87±1.94 8.96±1.18 
63 Kg P ha -1 1.99±0.50 20.35±1.83 10.64±2.49 
NT 
0 Kg P ha -1 2.74±0.45 23.24±3.13 8.54±0.65 
63 Kg P ha -1 2.25±0.57 19.69±5.40 8.76±0.69 
 
Table 2.6 Probability values for analysis of variance (n = 3) for differences in means for MBN, 
MBC and MBC/MBN ratio for crop, tillage system and fertilization 
 Maize Soybean 
 MBN MBC MBC/MBN MBN MBC MBC/MBN 
Fertilization 0.516 0.566 <0.001 0.279 0.614 0.29 
Tillage 0.005 0.06 <0.001 0.154 0.372 0.209 




Figure 2.1 Rhizobox front view. White points indicate microlysimeters position 
 
 
Figure 2.2 Rhizoboxes, microlysimeters and vacuum boxes 
56 
 
Figure 2.3 Growth chamber with rhizoboxes 
 
 




Figure 2.5 Soil bulk density under 25 years of two treatments: tillage (chisel plow = CP, No-




Figure 2.6 Soil pH under 25 years of two treatments: tillage (chisel plow = CP, No-tillage = NT) 
and P fertilizer (0 and 63 kg P ha-1 y-1). Means and standard deviations are shown (n=3).  
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Figure 2.7 Soil organic matter (%) under 25 years of two treatments: tillage (chisel plow = CP, 




Figure 2.8 Rhizotron front view with theoretical root growth. Roots enter in day 1 in the first 
micro-lysimeter row. In roots day 3, micro-lysimeters 4 and 8 are in the rhizosphere. In roots 
day 5, micro-lysimeters 1, 5, 9 and 11 are in the rhizosphere, while 4 and 8 are considered to be 
in rhizosphere day 3. 
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Figure 2.9 Mehlich 3 extractable phosphorus (P) under 25 years of two treatments: tillage 
(chisel plow = CP, No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1). Means and 
standard deviations are shown (n=3). Upper case letters indicate significant differences between 




Figure 2.10 Soil solution PO4-P concentration in bulk soil and maize rhizosphere over time 
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Figure 2.11 Soil solution PO4-P concentration in bulk soil and soybean rhizosphere over time 
64 
 
Figure 2.12 Soil solution  SO4-S concentration in bulk soil and maize rhizosphere over time 
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Figure 2.13 Soil solution  SO4-S concentration in bulk soil and soybean rhizosphere over time 
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Figure 2.14 Soil solution  NO3-N concentration in bulk soil and rhizosphere over time 
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Figure 2.15 Soil solution K concentration in bulk soil and maize and soybean rhizosphere over 
time by different tillage and fertilization 
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Figure 2.16 Soil solution Ca concentration in bulk soil and maize and soybean rhizosphere over 





Figure 2.17 Soil solution Mg concentration in bulk soil and maize and soybean rhizosphere over 





Figure 2.18 Extracellular phosphatase enzyme activity (PHOSase) under 25 years of two 
treatments: tillage (chisel plow = CP, No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1).  
Means and standard deviations are shown (n=3). Upper case letters indicate significant 
differences between tillage systems, and lower cases indicate differences between P fertilization 
(α < 0.05) 
71 
 
Figure 2.19 Microbial biomass carbon (mg Kg-1) under 25 years of two treatments: tillage 
(chisel plow = CP, No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1).  Means and 




Figure 2.20 Microbial biomass nitrogen ((mg Kg-1) under 25 years of two treatments: tillage 
(chisel plow = CP, No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1).  Means and 
standard deviations are shown (n=3). Upper case letters indicate significant differences between 




Figure 2.21 MBC/MBN ratio under 25 years of two treatments: tillage (chisel plow = CP, No-
tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1).  Means and standard deviations are 
shown (n=3). Upper case letters indicate significant differences between tillage systems, and 




Figure 2.22 Microbial biomass phosphorus ((µg g-1) under 25 years of two treatments: tillage 
(chisel plow = CP, No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1).  Means and 
standard deviations are shown (n=3).  
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Figure 2.23 Phosphorus use efficiency  under 25 years of two treatments: tillage (chisel plow = 
CP, No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1).  Means and standard deviations 
are shown (n=3). 
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2.9 Supplemental figures 
 
Figure S.2.24 Average temperature (C) and precipitation (mm) in Kanawha for the period 1994 








Figure S.2.26 Phosphate concentration in soil solution at day 1 for different depths(Row A = 6 
cm, B = 9 cm, C = 12 cm) and columns, showing differences between crops (maize and 
soybean), repetitions (1, 2, 3), tillage (chisel plow = CP, No-tillage = NT) and P fertilizer (0 and 




Figure S.2.27 Phosphate/sulfate ratio in soil solution  in bulk soil and maize and rhizosphere 




Figure S.2.28 Phosphate/potassium ratio in soil solution  in bulk soil and maize and rhizosphere 
over time by different crop, tillage and fertilization 
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Figure S.2.29 Phosphate/calcium ratio in soil solution  in bulk soil and maize and rhizosphere 
over time by different crop, tillage and fertilization 
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Figure S.2.30 Phosphate/magnesium ratio in soil solution  in bulk soil and maize and 
rhizosphere over time by different crop, tillage and fertilization 
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CHAPTER 3. THE EFFECT OF TWENTY-FIVE YEARS OF PHOSPHORUS 
FERTILIZER AND NO-TILLAGE ON MAIZE AND SOYBEAN ROOT 
MORPHOLOGY 
T. J. Sitzmann1, J. L. Kovar2, J. Berkey2 and M. D. McDaniel1 
1Department of Agronomy, Iowa State University – USDA-ARS National Laboratory for 
Agriculture and the Environment 




We lack an understanding of how long-term management practices, especially interactions of 
contrasting practices, affect crop root plasticity.  Management practices like phosphorus (P) 
fertilization and no-tillage alter root morphology individually, but how they interact to alter root 
biomass and morphology is entirely unknown.  In this study, we examined the main and interactive 
effects of 25-years of severe P limitation (and excess P fertilization) with no-tillage on the root 
biomass, diameter, length, surface area and total crop nutrient uptake. 
Methods 
Maize and soybeans were grown for 14 days in rhizoboxes with undisturbed soil samples that were 
collected from a 25-year, 2×2 factorial experiment crossing P fertilization (0 and 63 kg P ha-1) with 
tillage management [chisel plow (CP) and no-tillage (NT)]. Root morphology was measured using 
a EPSON V300 scanner and WinRhizo(R) Software, along with crop biomass and nutrient content.  
Results 
Total root biomass, for both maize and soybean, were increased by 80% with fertilization.  In 
maize, NT soils increased root diameter by 10%, root length by 67%, root surface area by 87%, 
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and root forks by 114%. Fertilization did not change maize root morphology.  In soybean, 
fertilization reduced length of fine roots. NT soils increased RL by 68 %, RS by 73%, RF by 77%. 
Crop nutrient uptake was not affected by tillage, rather only P uptake was increased by adding P 
fertilizer. 
Conclusions 
In these Midwest USA Mollisol soils, long-term P fertilization and no-tillage can affect early root 
growth and morphology, but ultimately not total plant nutrient uptake.  Converting to NT seems 
to increase root biomass, increase metrics of root size and particularly with smaller root classes. 
These early effects of NT on root biomass and morphology may in part explain why NT 
consistently decreases yield, according to resource allocation theory whereby plants that are 
allocating resources to roots will not be to shoots.  
3.2 Introduction 
Phosphorus is limiting crop growth in many soils around the world, and thus adding adequate 
P fertilizer is part of optimizing production. Limitation of P develops over time in agroecosystems 
due to loss of P through leaching, by the formation of soil layers that prevent the root access to P, 
a slow release of P or low total content of P from parent materials, by sequestration of available P 
in a accumulating pools, or through anthropogenic like export of P with crop yield and lack of 
replacement fertilizer P (Vitousek et al., 2010).  Severe P limitation can strongly inhibit crop 
growth and production (George, Hinsinger, & Turner, 2016; Prater, 2007), while excessive P can 
lead to nutrient export and eutrophication of nearby waterways (Bennett et al., 2001; S. R. 
Carpenter et al., 1998; Huang et al., 2017).  No-tillage (NT) both reduces soil disturbance while 
increasing residue cover, reducing likelihood of surface soil particles from transport off field (with 
P adsorbed) (Hobbs et al., 2008).  Fertilization and tillage, are well known to affect root growth 
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and distribution in the soil profile (Li et al., 2017a, 2017b). The effect of both of these management 
practices on roots likely compounds with time.  Our understanding on how long-term fertilization 
and non-till and their interaction modify the root morphology in the initial growth of maize and 
soybean, two major crops in the US Midwest, can be improved to understand how crop responses 
to nutrients availability. 
Plants have a wide range of root plasticity and can generally regulate root morphology to 
meet P availability in the soil. For instance, despite small variances among species, when plants 
are P-limited, they tend to direct root growth to areas of soil with greater P availability (Hodge, 
2004; Visser et al., 2008). Plants seem able to sense zones with a low and high P concentrations, 
selectively repressing lateral root growth in zones depleted of nutrients and promoting lateral root 
growth in P-enriched soil (Bisseling & Scheres, 2014).  Lack of P fertilization may not be initially 
injurious to early growth of crop roots, however, long-term P deficiency with inadequate or no P 
fertilizer, can eventually suppress root growth (Hajabbasi & Schumacher, 1994; Tennant, 1976; 
Wissuwa, Gamat, & Ismail, 2005) and thus yield (Prater, 2007). On the other hand, optimal P 
fertilization can lead to increased yields in the short-term (Dodd & Mallarino, 2005), but excessive 
P fertilization can also eventually inhibit root growth (Teng et al., 2013), which could further 
exacerbate P losses already known to be an issue at high P fertilization rates in furthering surface 
water eutrophication (Bennett, Carpenter, & Caraco, 2001; Carpenter et al., 1998; Huang et al., 
2017). These countervailing effects of P fertilization on crop roots can be especially important to 
early growth, as this early growth sets the stage for growth over growing season and eventually 
impacts yield (Bermudez & Mallarino, 2002; Bullock et al., 1993; Randall & Hoeft, 1988).  
As with P fertilization, it is well known that physical soil properties influence root 
morphology.  Tillage effects on soil physical properties are rather straight forward.  Tillage 
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destroys soil aggregates (Six, Elliott, & Paustian, 1999), decreases soil biomass and biological 
activity (Helgason, Walley, & Germida, 2010), and typically results in overall decreases in soil 
organic matter in the long-term (Balesdent, Chenu, & Balabane, 2000; Reicosky, Kemper, 
Langdale, Douglas, & Rasmussen, 1995). Thus, converting to no-till generally reverses these 
trends even if it can take five to ten years to observe any effect (Chivenge, Murwira, Giller, 
Mapfumo, & Six, 2007).  However, root responses to tillage systems are also complicated.    
With high soil strength, many plant species, both monocotyledons, and dicotyledons, 
increase the diameter of their roots to enhance soil penetration (Materechera, Dexter, & Alston, 
1991).  The soil strength also affects other root parameters such as length or total root biomass 
(Bengough & Mullins, 1991; Ehlers et al., 1983).  However, the direct impacts of NT on bulk 
density and soil strength (indirectly affecting root growth) appear to be highly dependent on the 
soil type and timing (Osunbitan, Oyedele, & Adekalu, 2005). For example, tillage caused 26% 
greater root abundance, and increased proportion of long and fine roots in fine textured soils 
(Haixiao Li et al., 2017b), while root length density (RLD) can be higher under NT than under 
tillage in sandy and well-drained soils (Hilfiker & Lowery, 1988).  Under NT P, K, and SOC are 
typically concentrated in the first few centimeters of the soil, resulting in greater concentration of 
roots in the soil surface (Nunes et al., 2019), and it seems the root responses to stratification 
induced by NT also depend on the plant.  For example, NT increases maize and soybean root 
biomass in the topsoil (0-10 cm), while maize has a higher root length density closer to the surface, 
that density decreases with soil depth; also, NT reduced the C:N ratio in maize roots, but it 
increased it for soybean (Fiorini et al., 2018). 
According to previous studies outline above, both P fertilization and tillage have strong 
effects on root morphology, but it is also very likely these two factors interact to modify the root 
90 
morphology in unknown ways. NT soils with low rates of P fertilizer reduce the root mass density, 
root surface density and root length compared to tilled and fertilized soils, although this effect 
could be produced due a higher competition for nutrients with weeds at greater abundance in NT 
soils. (Li, Mollier, Ziadi, Shi, Parent, & Morel, 2017b). Although in high P Rhodic Paleudult soils, 
tillage management had greater influence on root length and density than P fertilization (Fink et 
al., 2016).  However, a significant knowledge gap remains on how these treatments interact to 
affect early crop root growth, and particularly the long-term effects of these treatments on early 
growth.  
Given the importance of both P fertilization and tillage on crop root morphology, we 
designed an experiment to test how 25 years of 1) complete absence or surplus of P fertilizer, and 
2) chisel plow and no-tillage, and 3) the interaction of these two treatments affect maize (Zea 
mays) and soybean (Glycine max L.) root morphology. We measured short-term differences in 
maize and soybean roots during early growth stages (V2), in order to examine response to these 
long-term treatments during these critical stages of rapid growth. Understanding how these 
treatments, and their interaction, affect early root morphology will help to better manage maize 
and soybean -- especially in the Midwestern US, where they are dominant row crops grown in 
region.  
 
3.3 Materials & Methods 
3.3.1 Location and Experimental Design 
A long-term experiment was established in 1994 in Kanawha, Hancock County, Iowa, USA 
(W6J4+9P) to evaluate the effects of tillage (chisel disk tillage vs. no-till) and P fertilization 
(broadcast and planter-banded P at three P fertilizer rates) on crops and soils (Mallarino & Prater, 
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2007 and Prater, 2007).  The treatments are replicated three times in a randomized complete block 
design, with both a maize and soybean phase of the rotation present.  From this original 
experiment, we will focus on two P levels and two tillage treatments, and their interaction.  The 
two levels of P are severely P-liming and P in excess of plant demand (0 and 63 kg P ha-1).  The 
two tillage practices interacting with P fertilization are chisel plow (CP) and no-tillage (NT).   
The soils at the experiment site are predominately from the Webster soil series:  a fine-
loamy, mixed, superactive, mesic, Typic Endoaquol (National Cooperative Soil Survey, 2014).  
The slopes are typically 0-3%, low drainage capacity, and considered moderately permeable. Over 
the last 25 years, this area has a mean annual precipitation of 878 mm, and mean annual 
temperature of 10 °C (Figure S.2.24; IA Mesonet, 2020).  
3.3.2 Rhizobox Growth Chamber Study  
The soil slices were placed into one of  two mini-rhizotron slots (33 x 11.5 x 2.3 cm), which 
comprise one rhizobox made of opaque PVC. Each rhizotron has a grid of holes (1 mm diameter), 
with each hole 5 mm from the adjacent, through which micro-suction lysimeters (or micro-
lysimeters) can be installed (Z. Y. Wang et al., 2004) (Figure 2.2).  The opposite side of the 
rhizotron was made of transparent Plexiglas, which allows for visualizing root growth (Figure 2.1). 
Each rhizobox was placed at a 30° angle with the transparent side facing down, forcing the roots 
to grow against its surface. For more information on the set-up of the rhizoboxes see Göttlein et 
al. (1999) and Wang et al. (2004). 
3.3.2.1 Crop Growth and Irrigation 
Hybrid maize seeds of the variety W5518 (Wyffels Hybrids Inc.) were used for this 
experiment. The maize seeds were treated with a solution of Bacillus firmus, clothianidin 500, 
fluoxastrobin, metalaxyl, and prothiconazole (Acceleron Pharma Inc.). The soybeans were of the 
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CZ 2579GTLL variety (Credenz® - BASF Agriculture), treated with clothianidin and Bacillus 
firmus (Poncho/ Votivo® – BASF Agriculture); fluxapyroxad, pyraclostrobin, metalaxyl and 
triophane-methyl (Obvius Plus®- BASF Agriculture); and with fluopyram (Ilevo® - BASF 
Agriculture), 
Each mini-rhizotron had a soil slice corresponding to a specific treatment and repetition, 
but also two different phases of the rotation. Maize was planted in soils after soybean was 
harvested in the previous autumn 2018, and soybean was planted where maize was harvested in 
the previous year. Each treatment and repetition were randomly distributed within a 2.4 x 1.2 m 
growth chamber (model CMP4030, Conviron Inc.).  Both crops were germinated within the mini-
rhizotron. For soybeans, two seeds were sown per rhizotron, and one of the plants was harvested 
on the first day of emergence if both emerged. For maize, only one seed was used for germination. 
The crops were grown for 14 days after emergence in growth chambers in which a controlled 
environment of 14 h of light (120 µE m-2s-1) at 25 °C and 10 h of darkness at 20 °C (Figure 2.3). 
The intent was to maintain soil moisture just above field capacity, so that the crops were 
not limited by water and mini-lysimeters not competing for water with the plant. Field capacity 
was measured as the water content in a saturated soil under a pressure of 0.33 kPa during 24 h. To 
maintain this condition, we monitored volumetric water content with soil moisture sensors, that  
10 cm long (the prong is 5.2 cm), 3.2 cm wide and 0.7 cm deep (ECH2O EC-TM, Decagon Devices, 
now METER Group, Inc.), inserted into the far corner of the soil slice. The sensors were connected 
to an Em50R data logger (Decagon Devices, now METER Group, Inc.). The difference between 
current volumetric water content and the 80% of the value at field capacity was used to determine 
the volume of water applied daily to each rhizobox (Figure S.2.25). Irrigation was made adding 
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water manually on the top of each rhizotron, making sure to wet the entire surface. To avoid water 
overflow, 5 ml of water was added in intervals until achieving the required volume.  
For this chapter, the main concern of this experiment was to analyze the changes in the 
plant biomass, root morphology, and total nutrient uptake.  Due to the limitation of space in the 
rhizoboxes for root growth, both maize and soybean were harvested 15 days after germination. 
However, plant biomass obtained from the initial experiment was below the minimal mass required 
to perform analyses for P content in shoots and roots. Therefore, a second experiment used soils 
collected at the same time and same method in order to acquire more plant biomass for total tissue 
analyses.  This second round of the experiment was also under the same conditions of light, 
temperature and irrigation, however, the crop growth was extended to increase both shoot and root 
biomass.  For the second round the maize was harvested 26 d after germination, and soybean was 
harvested 31 d after germination. The roots occupied much greater volume of the rhizobox, and 
thus compromised morphology measurements.  Therefore, biomass and morphology 
measurements were used from the shorter experiment, and total elements in plant tissue was from 
the longer, second experiment.  
3.3.3 Biomass sampling and root morphology measurements.  
At the end of the experiment, leaves and stem of the plants were removed with sharp 
scissors. These shoots were placed on aluminum trays. The mass of the shoot plus the pan was 
measured and then placed in an oven at 75 ° C for 48 hours. After this time, the samples were 
weighed again to obtain the mass of non-volatile elements. The roots were manually washed after 
collecting the soil samples to measure enzymes. Each soil slice with its root was submerged in 
water to separate the soil from the water. The stubble or soil stuck to the roots were removed with 
tweezers. The water with the roots was passed through different sieves (8 and 2 mm) to separate 
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the roots. Once the roots were obtained, they were stored with distilled water in glass jars until 
scan them. After cleaning the second round of roots, they were dried directly. 
 For morphological data, roots were scanned and the images were uploaded to image 
analysis software. To improve contrast during scanning, the roots were soaked in methylene blue 
solution (1g methylene in 1 L distilled water) for approximately 10 minutes. Subsequently, the 
roots were placed in a 30 cm x 20 cm glass tray, covering the entire tray with a layer of water. The 
roots were spread to improve scanning. In case of abundant roots, the roots were cut and placed in 
multiple trays.  The roots were cut at diameters above 3 mm, therefore root tips and fork below 
that diameter will not be affected by this operation. The glass trays were placed in an EPSON 
V300 scanner, which emits a light beam through the base that collides with the root, the rest of the 
light collides against the top of the scanner that is made of reflective material, and then the light 
returns to the root improving its contrast. The images were scanned with a resolution of 800 dpi 
(dots per inch). The WinRHIZO, version 2016a, software (Regent Instruments, Quebec, Canada) 
was used for image analysis. The software provides measures of total root length (RL), root surface 
area (RSA), average root diameter (RD), root tips (RT), and root forks (RF) – Also these values 
are given by 10 different categories of root diameters (0.0-0.5; 0.5-1.0; 1.0-1.5; 1.5-2.0; 2.0-2.5; 
2.5-3.0; 3.0-3.5; 3.5-4.0; 4.0-4.5;> 4.5 mm). Different diameters were used to check if the root cut 
affected the results, and to determine what type of roots are more affected by the treatments. 
3.3.4 Statistical analyses 
Statistical analyses and data visualization were performed with the software R (R Core 
Team, 2018) version 3.6.2. First, data were analyzed separately for each crop, and tested for 
normality through the Shapiro-Wilk test.  As data proved to have a normal distribution, to compare 
treatment effects, all the variables were analyzed using a two-way ANOVA F-test. The 
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independent variables where the soil fertilization: 0 k P ha-1 and 63 kg P ha-1; and the tillage effect: 
CP and NT. After ANOVA was used a Tukey HSD test to determine differences between means. 
The variables or root length, root surface area and number of tips by different root 
diameters were log transformed for graphic visualization, but raw data used in ANOVAs. 
Treatment differences were only compared within root categories and not between different 
diameters from the same treatment. To compare these variables, a two-way ANOVA f-test was 
used too using as variables fertilization and tillage. 
3.4 Results 
3.4.1 Shoot and Root Biomass and Concentration of P, C and N 
Fertilization significantly influenced the content of P in shoots and roots from soybean and 
maize (Table 3.1 and Table 3.2). In maize, fertilization increased shoot P content by 300% from 
0.12 to 0.49% and by 165% in roots from 0.12 to 0.31%; in soybean, the increase in the content of 
P in shoots was of 450% from 0.14 to 0.76% and in roots was of 295% from 0.19 to 0.75% (Figure 
3.4 Figure 3.5).  Fertilization did not affect the maize mass of roots and shoots or their content of 
C and N (Table 3.3, Figure 3.1 andFigure 3.2). However, in fertilized soils, soybean plants showed 
a significant increase of root N from 2.40 to 2.98 %N (+24%, Table 3.1).   
Tillage system significantly influenced the root mass from both maize and soybean (See 
Table 3.3).  NT increased maize root mass from 0.07 to 0.15 g (+120%; p= <0.001), and soybean 
root from 92% 0.02 to 0.038 g (+120%; p=  <0.001; Figure 3.1 and Figure 3.2). NT also decreased 
the content of N of maize shoots from 1.50 to 1.99% (+25%; p=  <0.01). No-till did not show 
significant differences in P and C content in either maize or soybean. NT also significantly 
increased the root-to-shoot ratio in maize, from 0.28 to 0.56 (p= <0.001; Figure 3.3). 
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3.4.2 Root morphology 
Root morphology was primarily affected by tillage, and not P fertilization. In maize, NT 
increased the RD from 0.41 to 0.46 mm (+10%; p= 0.05; Figure 3.10); the RL from 1798 to 995 
cm (+67%; p=0.03; Figure 3.11); the RSA from 122 to 253 cm2 (+87%; p= <0.01; Figure 3.13); 
and, RF from 6435 to 2718 mm (+114%; p= <0.01; Figure 3.17).  We found similar values across 
different root diameters, especially in roots between 0 to 3 mm diameter.  In soybean, NT increased 
the RL  from 254 to 453 cm (+78%; p= 0.02; Figure 3.11); the RSA from 52 to 90 cm2 (+73%; p= 
0.02; Figure 3.13); and, RF from 1077 to 608 mm (+77%; p= 0.04; Figure 3.17) (See Table 3.4 
and Table 3.6).  NT also significantly increased RT and RSA from roots with diameters of 0.0-0.5 
mm, 0.5-1.0 mm, 1.5-2.0 mm, 2.0-2.5 mm, 2.5-3.0 mm, 3.0-3.5 mm, and >4.5 mm (p < 0.05). For 
the RT, it was found an interaction for roots with diameter of 0.0-0.5 mm, 1.0-1,5 mm, and 3.0-
3.5 mm; the NT increased significantly the RT for the following diameters:0.5-1.0 mm, 1.5-2.0 
mm, 2.0-2.5mm, 2.5-3.0 mm and 3.0-3.5 mm, while the fertilization decreased the RT in the 
median tips (3.0-3.5 mm). 
Fertilization affected only soybean roots.  P fertilization decreased the RD in CP soils from 
0.69 to 0.61 mm (-13%; p= 0.05; Figure 3.10), while in NT soils the fertilization increased the RD 
from 0.58 to 0.71 mm (-27%; p= 0.05; Figure 3.10).  Additionally, P fertilization decreased the 
RL from 416 to 291 cm (-70%; p= 0.03) in the 0.0-0.5 mm diameter roots. 
3.5 Discussion 
In this study, P fertilization alone had very little effect on both maize and soybean root 
growth.  In maize, the P fertilization did not created differences in the growth measured as shoot 
or root biomass, either on any of the parameters of root morphology. In soybean there was an 
absence of differences in the average RD, RL, RS, RT and RF, as well as differences in mass of 
97 
both shoots and roots between 0P and 63P.  The reason we did not find see a P fertilization effect 
on root growth, while other studies do (Hajabbasi & Schumacher, 1994; Tennant, 1976; Wissuwa 
et al., 2005), may be due to our early measurement of root growth (only 14 d after planting). Seeds 
are a an important source of P for young crops, and thus any P limitation may not strongly effect 
early root growth or morphology. This corresponds to the results from Fernandez & Rubio (2015), 
where in an hydroponic experiment comparing P concentration at 10 and 70 ppm, they did not find 
differences for soybean root biomass and RL at 7 and 14 d after transplanting plants of 7 days of 
germination, while after 21 d there were a significant differences. Silva et al., (2019) found that in 
P depleted soils there is an increase in the dry mass of soybean roots with increasing fertilization, 
though in concentrations above 40 ppm of available P there is a reduction in the root mass and also 
root nodulation. The fertilized plots used in our experiment are in most cases far beyond 40 ppm 
of available P, and at those concentrations it could have reduced the root growth. It is widely 
known that P fertilization can reduce root surface area and root length  (Powell, 1974; Schroeder 
& Janos, 2005), this we also found in our study for soybean, where long-term P fertilization 
decreased the RL of the smallest root class (0.0 to 0.5 mm diameter). According to Forde & 
Lorenzo, (2001), fine roots minimize the energy used to develop a root system to explore the soil 
volume, and therefore they are an adaptation to nutritional shortage. Borkert & Barber, (1985), 
using fertilized patches in soil, reported that in soybean, there is a correlation between P fertilized 
zones and an increase in the root length and a reduction of their diameter. This suggest that in our 
short-term experiment PO4-P were available in good proportions in fertilized and unfertilized soils 
for the initial root growth and maybe it is necessary more time to develop differences in root 
diameter by fertilization.   
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We report also interaction of fertilization and tillage for the root diameter and surface for 
roots of medium and higher diameter (2.0 to 2.5; 3.5-4.0; and, >4.5 mm). The P fertilization 
increased the RL and RS in the NT soils and it reduced it in the CP soils.    Although, Li et al., 
(2017b) reported an interaction between tillage and P fertilization on maize roots, we only found 
significant differences for the tillage. 
Direct effects of NT on soil, and indirect effects on root growth, are complicated. Soils may 
become temporarily compacted with NT, relative to CT soils (Osunbitan et al., 2005), perhaps due 
to both the ephemeral effect of tillage decreasing bulk density and compaction directly after the 
tillage event and the long-term positive effect of NT taking several years to manifest (Hammel, 
1989). Our findings comprise the 0-30 cm of the soil profile, where we observed 20 to 150 % 
greater root biomass and morphometries in NT compared to CT soils.  This increase in root 
biomass and size (especially smaller root classes) from no-tillage has been confirmed elsewhere 
(Li et al., (2017a, 2017b).  Supporting our findings, Materechera et al., (1991) reported that soils 
with low bulk density have greater root elongation for both maize and soybean, while the diameter 
also increased.  In our study, both maize and soybean increased the RB in NT soils by 80%, with 
an optimal water supply. 
The results from this experiment could be affected by and “border effect”, during the soil 
slices collection the aggregates influenced the structure of the samples. In NT soils, the borders 
were open and created small spaces between the soil and the lateral walls from the rhizotron 
(Figure 3.18). When the roots growth until reach this spaces, they started to growth in a higher 
concentration between the borders from soil and rhizobox where it was a lower soils resistance 
and that could affect parameters as root diameter, were we not founded differences between 
treatments.  Although the potential for this ‘border effect’ is equal amongst treatments. 
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3.6 Conclusion 
In Mollisol soils in the Midwestern US, that are considered as soils with a high productivity, 
we found that the major driver of initial plant growth and root morphology is the tillage system 
over the P fertility. The lack of fertilization over 25 years created a lower concentration of available 
P, but in case of maize there was no difference in root diameter, length, of surface area between P 
fertilized and unfertilized treatments.  In soybean, the P scarcity increased the length of only the 
smallest roots (0.0 to 0.5 mm), but did not affected the surface area.  Across both P fertility 
treatments and crops; NT increased the root biomass, root diameter, root length, surface area, and 
number of forks.  Our study points to the primacy of no-tillage in regulating root growth and 
morphology, and may partially explain lower crop yields with no-till with increased investment of 
photosynthate to root structures as opposed to aboveground structures. 
3.7 Figures and Tables 
Table 3.1 Mean and standard deviation (n =3) of shoot dry mass (g), and tissue concentration of 
P, C, N. 
Crop Tillage Fertilization Biomass (g) P (%) C (%) N (%) 
Maize 
CP 
0 kg P ha-1 0.24 ± 0.12 0.13 ± 0.03 35.93 ± 0.86 2.12 ± 0.1 
63 kg P ha-1 0.29 ± 0.09 0.51 ± 0.08 36.71 ± 1.8 1.87 ± 0.4 
NT 
0 kg P ha-1 0.27 ± 0.03 0.11 ± 0.01 37.72 ± 1.92 1.6 ± 0.2 
63 kg P ha-1 0.3 ± 0.16 0.46 ± 0.11 38.12 ± 2.62 1.41 ± 0.16 
Soybean 
CP 
0 kg P ha-1 0.18 ± 0.04 0.13 ± 0.01 41.15 ± 0.11 2.35 ± 0.01 
63 kg P ha-1 0.2 ± 0.07 0.72 ± 0.1 39.68 ± 0.29 2.61 ± 0.13 
NT 
0 kg P ha-1 0.23 ± 0.01 0.15 ± 0.03 40.95 ± 0.1 2.47 ± 0.24 
63 kg P ha-1 0.21 ± 0.02 0.8 ± 0.18 40.15 ± 0.37 2.71 ± 0.71 
 
Table 3.2 Mean and standard deviation (n =3) of root dry mass (g) and tissue concentration of P, 
C, N. 
Crop Tillage Fertilization Biomass (g) P (%) C (%) N (%) 
Maize 
CP 
0 kg P ha-1 0.05 ± 0.03 0.12 ± 0.05 35.65 ± 0.94 1.88 ± 0.09 
63 kg P ha-1 0.09 ± 0.07 0.28 ± 0.01 35.53 ± 1.26 1.87 ± 0.15 
NT 0 kg P ha-1 0.17 ± 0.02 0.12 ± 0.02 35.54 ± 1.5 1.91 ± 0.09 
  63 kg P ha-1 0.14 ± 0.06 0.35 ± 0.17 33.27 ± 1.7 1.62 ± 0.2 
Soybean CP 0 kg P ha-1 0.02 ± 0.01 0.18 ± 0.04 35.16 ± 1.17 2.26 ± 0.09 
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Table 3.2. Continued 
Crop Tillage Fertilization Biomass (g) P (%) C (%) N (%) 
 
 63 kg P ha-1 0.02 ± 0.01 0.69 ± 0.09 34.56 ± 2.03 2.98 ± 0.67 
NT 
0 kg P ha-1 0.05 ± 0.02 0.21 ± 0.04 35.33 ± 1.45 2.55 ± 0.02 
63 kg P ha-1 0.03 ± 0 0.81 ± 0.08 35.12 ± 0.88 2.98 ± 0.53 
 
Table 3.3 Probability values from the analysis of variance evaluating effect of soil fertilization and 
tillage on plant biomass and concentration of P, C, and N 
 Maize 
 Shoots Roots 
 Biomass (g) P (%) C (%) N (%) Biomass (g) P (%) C (%) N (%) 
Fertilization 0.549 1.76E-05 0.617 0.15258 0.8151 0.00522 0.168 0.094 
Tillage system 0.762 0.454 0.188 0.00775 0.0165 0.51425 0.17 0.223 
Fert : Till 0.88 0.719 0.855 0.85682 0.2615 0.55412 0.213 0.121 
 Soybean 
 Shoots Roots 
 Biomass (g) P (%) C (%) N (%) Biomass (g) P (%) C (%) N (%) 
Fertilization 0.941 6.70E-06 4.95E-05 0.288 0.2029 3.45E-07 0.638 0.0478 
Tillage system 0.188 0.451 0.348 0.616 0.0158 0.0759 0.662 0.5803 
Fert : Till 0.353 0.603 0.048 0.979 0.2029 0.2562 0.802 0.5803 
 
Table 3.4 Probability values from the analysis of variance evaluating effect of soil fertilization and 
tillage on the root morphology of soybean 






(cm2) Tips Forks 
Fertilization 1 0.4410 0.0433 0.1138 0.0920 0.1262 
Tillage system 1 0.7970 0.0052 0.0065 0.0560 0.0387 
Fertilization : Tillage system 1 0.0150 0.5958 0.5369 0.7990 0.5251 
 
Table 3.5 Mean and standard deviation (n = 3) of morphological variables of roots 
Crop Tillage Fertilization RL (cm) RD (mm) RS (cm2) RT RF 
Corn 
NT 
0 kg P ha-1 2034.69±431.89 0.46±0.05 288.55±25.88 7420.67±1723.57 7519.33±763.35 
63 kg P ha-1 1562.02±664.33 0.46±0.01 218±89.32 4837±2167.19 5351.33±2591.05 
CP 
0 kg P ha-1 684.24±329.56 0.45±0.04 93.28±40.37 2255±1217.91 1796.67±792.9 
63 kg P ha-1 1304.85±582.29 0.37±0.05 151.19±69.48 5697±2099.83 3639±1934.6 
Soybean 
NT 
0 kg P ha-1 530.03±106.12 0.58±0.06 95.85±20.15 1837.33±364.56 1176.33±89.18 
63 kg P ha-1 376.14±27.79 0.71±0.08 84.08±14.95 1276.67±479.97 978.33±443.06 
CP 
0 kg P ha-1 302.35±99.71 0.69±0.05 64.54±17.91 1194.33±631.22 833.33±474.29 







Table 3.6 Probability values from the analysis of variance evaluating effect of soil fertilization and 
tillage on the root morphology by different diameters of maize and soybean (n=3, df for all 
variables= 1) 


























































































0.0-0.5 0.7104 0.0361 0.1071 0.7370 0.0317 0.1668 0.6889 0.0801 0.0218 
0.5-1.0 0.5670 0.0350 0.1720 0.5596 0.0441 0.1926 0.9350 0.0170 0.1010 
1.0-1.5 0.8936 0.0672 0.3034 0.8845 0.0599 0.3183 0.3156 0.1000 0.0497 
1.5-2.0 0.8572 0.0033 0.4166 0.8609 0.0030 0.4083 0.9071 0.0168 0.7273 
2.0-2.5 0.1414 0.0003 0.0945 0.1323 0.0003 0.0896 0.3856 0.0124 0.3856 
2.5-3.0 0.0935 0.0009 0.1381 0.0994 0.0010 0.1483 0.6305 0.0081 0.6305 
3.0-3.5 0.3019 0.0025 0.1884 0.3158 0.0026 0.1922 0.0001 0.0001 0.0001 
3.5-4.0 0.8662 0.0855 0.7616 0.8960 0.0780 0.7340 0.5800 0.5800 0.5800 
4.0-4.5 0.6310 0.0780 0.4360 0.6420 0.0737 0.4384 1.0000 1.0000 0.1950 
>4.5 0.3510 0.0180 0.4110 0.2600 0.0132 0.3100 1.0000 0.1950 1.0000 
 Soybean 
0.0-0.5 0.0248 0.0102 0.4149 0.0407 0.0107 0.4519 0.0888 0.0524 0.8373 
0.5-1.0 0.4563 0.0218 0.6813 0.4142 0.0273 0.7486 0.4080 0.1600 0.4080 
1.0-1.5 0.1280 0.1460 0.3950 0.1390 0.1470 0.4210 0.2160 0.1780 0.3750 
1.5-2.0 0.4090 0.0716 0.7669 0.4423 0.0747 0.7692 0.3260 0.9100 0.5770 
2.0-2.5 0.6306 0.0144 0.0400 0.6414 0.0153 0.0401 0.1840 0.6410 1.0000 
2.5-3.0 0.7840 0.3270 0.2870 0.7720 0.3390 0.2990 0.3466 0.0805 0.3466 
3.0-3.5 0.3121 0.3768 0.0619 0.3169 0.3619 0.0606 - - - 
3.5-4.0 0.6989 0.9716 0.0406 0.7048 0.9746 0.0426 0.3470 0.3470 0.3470 
4.0-4.5 0.5418 0.9113 0.0592 0.4724 0.8314 0.0647 - - - 




Figure 3.1 Shoot biomass (g) differences for two treatments: tillage (chisel plow = CP, No-





Figure 3.2 Root biomass (g) differences for two treatments: tillage (chisel plow = CP, No-tillage 
= NT) and P fertilizer (0 and 63 kg P ha-1 y-1). Means and standard deviations are shown 
(n=3). Upper case letters indicate significant differences between tillage (α < 0.05) 
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Figure 3.3 Root/Shoot biomass ratio differences for two treatments: tillage (chisel plow = CP, No-
tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1). Means and standard deviations are shown 
(n=3). Upper case letters indicate significant differences between tillage (α < 0.05) 
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Figure 3.4 Phosphorus content (%) differences in shoots for two treatments: tillage (chisel plow 
= CP, No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1). Means and standard deviations 




Figure 3.5 Phosphorus content (%) differences in roots for two treatments: tillage (chisel plow = 
CP, No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1). Means and standard deviations 




Figure 3.6 C and N ratios differences in crops for two treatments: tillage (chisel plow = CP, No-
tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1). Means and standard deviations are 
shown (n=3). Upper case letters indicate significant differences between tillage (α < 0.05) 
108 
 
Figure 3.7 P removal (µg) differences in crops for two treatments: tillage (chisel plow = CP, 
No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1). Means and standard deviations are 
shown (n=3). Lower cases indicate differences between P fertilization (α < 0.05) 
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Figure 3.8 C removal (µg) differences in crops for two treatments: tillage (chisel plow = CP, 




Figure 3.9 N removal (µg) differences in crops for two treatments: tillage (chisel plow = CP, 




Figure 3.10 Root diameter (cm) differences for two treatments: tillage (chisel plow = CP, No-







Figure 3.11 Root length (cm) differences for two treatments: tillage (chisel plow = CP, No-




Figure 3.12 Root length (log cm) differences at different root diameters for two treatments: 




Figure 3.13 Root surface area (cm2) differences for two treatments: tillage (chisel plow = CP, 




Figure 3.14 Root surface area (log cm2) differences at different root diameters for two 
treatments: tillage (chisel plow = CP, No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1). 
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Figure 3.15 Root tips differences for two treatments: tillage (chisel plow = CP, No-tillage = NT) 
and P fertilizer (0 and 63 kg P ha-1 y-1). Means and standard deviations are shown (n=3). 
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Figure 3.16 Root tips (log) differences at different root diameters for two treatments: tillage 
(chisel plow = CP, No-tillage = NT) and P fertilizer (0 and 63 kg P ha-1 y-1). 
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Figure 3.17 Root forks differences for two treatments: tillage (chisel plow = CP, No-tillage = 





Figure 3.18 Border effect in rhizoboxes with NT soils. 
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CHAPTER 4.  GENERAL CONCLUSION  
In the US Midwest, fertilization is a common practice to achieve high yield in crops like 
soybean and maize. Excess of P fertilization can create environmental damage, such as 
eutrophication of surface water, if excess P is lost in runoff. A way to reduce this impact is through 
conservation practices, such as no-till, which improves soil properties, including aggregate 
stability an water infiltration.  In this study I analyzed the effect of 25 year of low and high P 
fertilization (0 vs 63 kg P ha-1) under different tillage practices (chisel-plow vs no-till).  To 
compare treatments, I measured the extractable Mehlich 3 P and MBC, MBN and MBP in soil; 
PO4-P,  SO4-S and  NO3-N anions, and Ca, K and Mg cations content in soil solution from bulk 
soil and both maize and soybean rhizosphere; P content in both maize and soybean tissues, and 
RB, RD, RL, RSA, RT and RF.  P fertilization and NT created significant effects on plant biomass, 
root morphology, enzyme production and nutrients dynamics (Figure 4.1). 
Phosphorus mineral fertilization affected heavily the concentration of extractable Mehlich 3 
P in soils and of phosphate (PO4-P) in the soil solution. While the tillage affected the microbial 
biomass in soil and its activity, reducing the MBN and increasing the phosphatase activity. 
The dynamics of PO4-P in soil is related to crop species.  In fertilized soils, maize was able 
to modify the concentration of PO4-P in the rhizosphere, depleting it in a higher scale than in the 
bulk soil after 10 days of observation. However, this trend did not show up in the soybean 
rhizosphere, where the PO4-P concentration was similar to the bulk soil and did not change over 
time.  
A major driver in the initial growth and morphology adaptation for roots is the tillage system 
over the content of phosphorus in soil. The lack of fertilization over 25 years created a lower 
concentration of available P, but in the case of maize it was not found differences in root diameter, 
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length, of surface area between fertilized and unfertilized treatments.  In soybean, the P scarcity 
increased the length of the tiniest roots (0.0 to 0.5 mm), but did not affect the surface area.  While, 
despite the level of P fertility, the NT increased the maize diameter, and for both crops, NT 
increased the root length, surface, number of forks and weight biomass.  
The results presented in this research, although provided from a relative time of observations, 
showed that phosphorus fertilization and tillage has a high influence in the dynamics of multiple 
nutrients in soils in Iowa. As widely proved, fertilization will increase the amount of available P 
in soil solution, but in this research we showed that no-till, compared to chisel plow soils, has an 
impact in reducing the available P, S and N, and inhibit the root growth;  being these factors that 
limit the plant P uptake. These results could be used to determine if under conditions of P scarcity, 
tillage could help to avoid a drastic drop in crop yield.  However, there are well negative side 





Figure 4.1 Summary of effects of P fertilization and non-till soybean and maize plants and 
rhizosphere 
